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Chapter 1. Introduction 
In recent years the United States government has pushed to replace oil with renewable 
fuels. The Energy Independence and Security Act (EISA, 2007) enacted by the U.S. Con-
gress seeks to “move the United States toward greater energy independence and security, to 
increase the production of clean renewable fuels”. This act expanded the Renewable Fuel 
Standard (RFS) program established in the U.S. Energy Policy Act (2005) from requiring not 
only renewable fuel volume mandates but also categorizing renewable fuel types and setting 
life-cycle greenhouse gas performance thresholds for each fuel type. 
Cellulosic biofuels are a major component of RFS and EISA. They are a sub-category of 
advanced biofuels and are required to reduce greenhouse gas (GHG) emissions by at least 
60% relative to gasoline. The Renewable Fuels Reinvestment Act (RFS2, 2010) analysis 
determined cellulosic ethanol reduced GHG emissions by 72 to 130% depending on the 
production method. Additionally, cellulosic feedstocks are both diverse and widely available 
because they are frequently waste materials. This means cellulosic ethanol has the potential 
to produce large volumes of ethanol. These qualities lead to the high volume mandates for 
cellulosic biofuels, 16 billion gallons of the 36 billion gallons produced in 2022, contained in 
EISA and RFS2. 
Technological advances in processing are necessary for cellulosic-based ethanol produc-
tion volumes to reach the requirements in RFS2 and to make it economically competitive 
with starch-based ethanol and oil. Currently two processes, biochemical and thermochemical, 
are used to create ethanol or other biofuels from cellulosic materials. Biochemical conversion 
involves the following steps: pretreatment of lignocellulosic materials to improve substrate 
accessibility, hydrolysis of cellulose and hemicellulose to fermentable sugars, fermentation to 
produce ethanol, and purification of ethanol (Alvira et al., 2010; Naik et al., 2010). Pretreat-
ment processes require a lot of capital investment and need to be made more economically 
efficient to make an affordable product (Eggeman et al., 2005). The high cost and long times 
involved in converting hemicellulose and cellulose to fermentable sugars need to be reduced. 
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Another limitation is the design of an efficient and effective genetically-engineered organism 
that ferments both xylose and glucose to ethanol (Yang, S. J. et al., 2009b; Naik et al., 2010). 
Effective pretreatments are cost-prohibitive. Fixed capital costs for the most common 
pretreatments range between $3.35 and $4.57/gallon of annual capacity, with an ideal pre-
treatment having a fixed capital cost of $2.51/gallon of annual capacity (Eggeman et al., 
2005). The pretreatment method not only impacts substrate accessibility for enzymes but also 
creates the need for additional processing to remove pretreatment conditions (such as pH and 
pretreatment chemicals) that inhibit enzymatic activity. This means cost reductions in the 
enzyme treatment due to improved substrate accessibility are offset by addition of condition-
ing processes to ensure reaction conditions are favorable for the enzyme treatments. Thus an 
effective biochemical conversion process will have a pretreatment method and enzyme sys-
tem that will complement each other’s weaknesses. This means less effective pretreatments 
(with conditions conducive to enzymatic activity) could be used with more active enzyme 
systems, or more effective pretreatments (with conditions that inhibit enzymatic activity) 
could be used with more robust enzyme systems. 
To reduce the high cost of converting lignocellulosic materials into fermentable sugars, 
more active enzyme systems are needed to improve hydrolysis. Due to recalcitrance of the 
substrate, cellulase and hemicellulase systems are slow to degrade cellulosic feedstocks. To 
reduce the processing time, more enzyme mass is added to the system, which increases the 
processing cost. Therefore, to reduce the cost of enzymes in the process, new enzyme sys-
tems must be developed that have improved hydrolysis rates. Specifically, these new systems 
need to work faster against recalcitrant feedstocks that undergo less effective pretreatments, 
or they must work faster under less optimal/inhibitory conditions such as those created by 
effective pretreatments. To design these systems, the following areas must be researched: 1) 
characterization of current cellulases, hemicellulases, and carbohydrate-binding domains 
(CBMs); 2) structure–function relationships of cellulases, hemicellulases, and CBMs; 3) 
reaction mechanisms and kinetic models of enzymes; 4) interaction of recalcitrant substrates 
and proteins (enzymes or CBMs); 5) designer enzymes (directed or systematic evolution of 
 
 
3 
cellulases); 6) synergistic affects of enzyme systems (cellulosomes and cocktails); 7) chem-
ical species that enhance the activity of cellulases/hemicellulases. This dissertation will focus 
on research areas 1, 2, 3, and 6 using cellulases and hemicellulases and their associated 
CBMs, contained in glycoside hydrolase family 44 (GH44). 
Cellulases and hemicellulases are GH sub-types. GHs hydrolyze the glycosidic bond 
between carbohydrates or carbohydrates and non-carbohydrate groups. A family classificat-
ion scheme was designed for GHs that sorts them into families based on similarity of amino 
acid sequences. Thus GH families have similar tertiary structures, reaction mechanisms, and 
specificities. GH44 contains endoglucanases (EGs) that hydrolyze cellulose and hemicellu-
lose. It is a relatively small family that contains a prominent and well-studied EG produced 
by Clostridium thermocellum, as well as several other relatively unstudied EGs. Research on 
this family was initially performed because it had no published tertiary structure. While 
determining a tertiary structure for a GH 44 family member, additional research projects 
were spun off dealing with interesting characteristic of this family: Chapter 3 discusses 
kinetic characterization, the tertiary structure and structure-function relationships of the 
GH44 EG from Clostridium acetobutylicum. Chapter 4 involves the kinetic characterization 
of a GH44 EG from Ruminococcus flavefaciens FD-1 and the impact of its novel CBM. 
Chapter 5 covers a proposed reaction mechanism of the digestion of cellooligosaccharides by 
these two GH44 EG. Finally, Chapter 6 presents the binding properties of the novel CBM 
from R. flavefaciens FD-1 and the NMR studies to determine its three-dimensional structure 
for analysis of functionality. 
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Chapter 2. Literature Review 
Carbohydrates 
Carbohydrates are polyhydroxy aldehydes or or polyhydroxy ketones with the general 
formula of Cn(H2O)n. Several forms of carbohydrates will be discussed as substrates for 
GH44 members. These are cellulose, cellooligosaccharides, carboxymethylcellulose (CMC), 
Avicel, xylan, lichenan, and mannan. 
Cellulose is an unbranched, high-molecular-weight polymer of repeating β-1,4-linked 
glucose monomers. The β-1,4 linkages cause each glucose residue to be rotated 180° from its 
neighbors (Fig. 1). The rotation improves the ability of cellulose polymers to hydrogen-bond 
with one another to form parallel cellulose chains with crystalline properties, commonly 
referred to as microfibrils. Avicel is a microcrystalline form of cellulose. Cellulose also 
exists in an amorphous state such as acid-swollen cellulose (ASC). CMC is an amorphous 
form with carboxylmethyl groups covalently bound to hydroxyl groups in the glucose 
monomers. The substitutions frequently occur at the 2-O and 6-O positions, which disrupts 
hydrogen bonding and adds a polar group to improve water solubility. 
 
 
 
 
 
Hemicelluloses are a group of sugar polymers consisting of D-xyloglucans, D-xylans, D-
mannans, and D-galactans (Robyt, 1998). D-Xylans are β-1,4-linked D-xylopyranosyl 
moieties with branched side chains, frequently containing monomers that are not β-1,4-
linked such as 4-O-methyl-D-glucuronic acid (MeGlcA) which is α-(1,2)-linked to the xylan 
Figure 1: Chemical structure of cellulose showing the repeating cellobiose unit and the 180° rotation of each 
glucose residue. Image from http://www.lsbu.ac.uk/water/images/hycell.gif accessed on July 14th, 2010. 
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backbone. The higher content of MeGlcA in xylans from softwoods such as larchwood make 
them more acidic than their hardwood counterparts, such as birchwood xylan (Ek et al., 
2009). Other notable differences are the presence of acetyl groups in hardwoods and L-arab-
inose side groups in softwoods. D-Xyloglucans are β-1,4-linked D-glucopyranosyl moieties 
with single D-xylopyranosyl residues bound β-1,6 to the primary chain. D-Mannans are poly-
mers of D-mannopyranosyl residues sometimes found with β-1,4 linkages. D-Galactans are 
polymers of D-galactose. 
Lichenan is neither a cellulose nor a hemicellulose. It is a linear β-glucan polymer of D-
glucosyl monomers, composed of both β-1,3 and β-1,4 linkages. It is often extracted from 
Iceland moss (Perlin et al., 1962).  
Cellulosomes 
Cellulosomes are cell-bound extracellular enzymatic complexes that break down cellu-
lose, hemicellulose, and pectins (Doi et al., 2003) in plant cell walls. They are composed of 
scaffoldin proteins, cellulases, and hemicellulases. The scaffoldin proteins are non-enzymatic 
and serve as a backbone for the enzymatic components or other scaffoldin proteins. Scaffold-
ins contain multiple domains: cohesions, dockerins, hydrophilic domains (HLD), and carbo-
hydrate binding modules (CBMs). Cohesion domains are found only on scaffoldins and bind 
to dockerin domains of enzymes or to other scaffoldins. Therefore, the cohesion–dockerin 
complex is necessary for a cellulosome to function. CBMs are responsible for binding 
carbohydrates such as cellulose fibrils. Their function is to bring the substrate close to the 
active site, thereby allowing crystalline substrates to be hydrolyzed. HLDs are postulated to 
bind to the surfaces of bacterial cells.  
Glycoside Hydrolases 
Glycoside hydrolases (GHs) are enzymes that hydrolyze the glycosidic bond between 
carbohydrates or a carbohydrate and a non-carbohydrate moiety. They are classified accord-
ing to the International Union of Biochemistry and Molecular Biology (IUBMB) enzyme 
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classification system as EC 3.2.1.–. Some important enzymes contained in this group are 
cellulases, xyloglucanases, mannanases, and amylases. The IUBMB classifies enzymes based 
upon substrate specificity and scissile bond type. Therefore, enzymes that have been grouped 
together as endoglucanases may differ greatly from one another in structure, mechanism, and 
evolutionary relationship. Furthermore, a single enzyme that cleaves both cellulose and xylan 
would have two different EC classifications. For this reason a carbohydrate-active enzyme 
family classification scheme (CAZy, http://www.cazy.org/) was developed that groups 
enzymes based upon amino acid sequence similarity (Henrissat, 1991; Henrissat et al., 1993; 
1996; Coutinho et al., 1999). Families within this system have similar structures, mechan-
isms, and evolutionary relationships to one another. Providing the structural information 
about one family member provides insight about the structures of all family members. 
Carbohydrate Binding Modules 
Originally termed cellulose or starch binding domains, CBMs are now known to bind a 
variety of polysaccharides such as crystalline and amorphous cellulose, xylans, mannans, 
starches, and cell surface glycans (Boraston et al., 2004; Shoseyov et al., 2006a). CBMs are 
non-catalytic proteins that are normally bound to either terminus of catalytic proteins such as 
GHs, although CBMs are also attached to non-catalytic proteins such as the scaffoldin 
domains of cellulosomes. CBMs are grouped into families like GHs. The CAZy database has 
identified 59 familes of CBMs and 34 unclassified sequences. Of the 59 families, 45 have 
known three-dimensional structures. Most all of these structures are β-sandwich folds. CBMs 
are also grouped by function. The three functional classifications of CBMs are surface-
binding CBMs (Type A), glycan chain-binding CBMs (Type B) and small sugar-binding 
CBMs (Type C) (Boraston et al., 2004; Shoseyov et al., 2006a). 
CBMs improve activity of GHs against polysaccharides by either proximity, targeting, or 
disruptive effects (Boraston et al., 2004; Shoseyov et al., 2006a). The proximity effect 
improves activity by increasing the local concentration of substrate near the catalytic module. 
Targeting effects allow the enzymes to act against preferred substrates in complex mixtures 
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such as a plant cell wall that contains cellulose, hemicellulose, and lignin. CBMs that act 
with a disruptive effect are rare. Only a couple are known to exist (Din et al., 1994; Gao et 
al., 2001). These CBMs disrupt polysaccharide structures like crystalline cellulose, making 
them more accessible to catalytic modules. 
Glycoside Hydrolase Family 44 
GH44, formerly cellulase family J, is composed of 32 members derived from 29 bacteria, 
one eukaryote, and three unclassified species (Carbohydrate Active Enzymes database, 
http://www.cazy.org/) (Cantarel et al., 2009a). Six members are classified as endoglucanases 
(EC 3.2.1.4), which hydrolyze internal 1,4-β-D-glucosidic bonds in cellulose, lichenin, and β-
D-glucans. Three other members are classified as xyloglucanases (EC3.2.1.151), which 
hydrolyze 1,4-β-glucosidic bonds in xyloglucans. The rest of the family members have 
unclassified activities, although evidence of substrate specificity exists that shows either 
endoglucanase or xyloglucanase activity is pervasive throughout GH44. Table 1 summarizes 
GH44 members, EC classification, substrate specificities, activities, and optimal reaction 
conditions. It is worth noting that some members have EC classifications but their substrate 
specificities have not been published. 
GH44 enzymes have retaining mechanisms that keep the β-configuration of the hydroxyl 
group bound to the anomeric carbon (Kitago et al., 2007). Their catalytic acid/base and 
nucleophile are both glutamate residues. The first tertiary structure of a GH44 EG was 
published by Kitago et al (2007) and showed a modified triose phosphate isomerase (TIM) 
(α/β)8 barrel with an additional β-sandwich domain and small domain with an unclassified 
fold. The TIM-like barrel is composed of 19 α-helices and 16 β-strands, with a core of eight 
alternating α-helices and β-sheets forming the (α/β)8 TIM barrel fold. The β-sandwich 
domain is composed of ten β-sheets located on both the N- and C-termini of the TIM barrel 
and has unknown function. 
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a N.D. = Not Determined b ASC = Acid-swollen cellulose, A = Avicel, C = carboxymethylcellulose, L = lichenan, M = mannan, X = 
xyloglucan c Activities on primary substrate (first listed substrate in previous column) 
d Optimal pH on CMC and lichenan 
e Optimal pH on xylan 
Ligand-bound crystal structures reveal the structure of the active/ligand binding site. 
GH44 enzymes have nine subsites (–4 to +5) and distort the glucosyl ring in subsite –1 into a 
skew-boat conformation. The nonreducing binding sites have higher affinities for the sub-
strate than do the reducing subsites. This is because the substrate is preferentially bound by 
subsites –4 to –1, which have more amino acid residues interacting with the glucose mono-
mers through non-covalent interactions than do the reducing subsites. 
A crystal structure of another GH44 member, CelM2, encoded by an uncultured bacter-
ium has also been published (Nam et al., 2009). It also has a TIM-like barrel with additional 
β-sandwich and loop domains. Its subsite structure is similar to that of CelJ, although it does 
contain some noteworthy differences discussed in Chapter 3. 
 
Table 1: Summary of GH44 members, activies and optimal pH and temperatures 
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Multiple sequence alignment (MSA) 
GH44 classifications were verified by a MSA, using ClustalX v1.83 (Thompson et al., 
1997). The multiple sequence alignment shown in Fig. 16 in the Appendix contains only the 
catalytic domains of all GH44 members except for two fragments from uncultured bacteria 
that were omitted because of their small sizes, along with duplicate sequences from 
Clostridium thermocellum ATCC 27405 and Myxococcus xanthus, and an incomplete 
sequence from Paenibacillus pabuli. 
All 23 entries in the MSA show regions of high homology, indicating that their classi-
fication as members of GH44 is correct. Twenty-one amino acid residues are completely 
conserved across all species. As expected, the catalytic glutamate residues are among the 
conserved amino acid residues. These two residues have been verified as catalytic through 
mutation studies on the EGs from C. thermocellum and Paenibacillus polymyxa GS01 (Cho 
et al., 2006; Kitago et al., 2007). Both the catalytic glutamate residues are located in regions 
of high homology. The β-strand adjacent to the catalytic nucleophile’s β-strand is highly 
conserved, as is the helix spanning subsites –3 to –1 containing aspargine and arginine 
residues that interact with the substrate. The tryptophan residue in subsite +4 is almost 
completely conserved, except for a few sequences containing either tyrosine or phenylalanine 
residues. Other regions of high homology include a helix on the N-terminus connecting the 
β-sandwich and TIM-like barrel, and a loop on the C-terminus connecting the TIM-like 
barrel to the β-sandwich domain. 
The MSA (Appendix 1, Fig. 16), was used to build a phylogenetic tree for GH44. Chap-
ter 3 shows the phylogentic tree in Fig. 3, and contains discussion about the evolutionary 
relationships of the GH44 members. 
Ruminococcus flavefaciens 
R. flavefaciens is a cellulolytic, gram-positive, anaerobic bacterium isolated from 
ruminant stomachs (Antonopoulos et al., 2004). Two strains of R. flavefaciens, 17 and FD-1, 
contain genes encoding the production of GH44 enzymes EndB and CelB, respectively 
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(http://www.cazy.org). Both exist as part of cellulosomal complexes (Ding et al., 2001; 
Jindou et al., 2006). EndB specifically binds via a Cell44A dockerin domain to the ScaA 
cohesion domains of the ScaA scaffoldin protein. The latter binds via a ScaA dockerin 
domain to the ScaB cohesion domains of the ScaB scaffoldin protein. The ScaB scaffoldin 
protein binds to the ScaE cohesion domain of the ScaE scaffoldin protein via an X-module 
dockerin domain, which is attached to the surface of the R. flavfaciens 17 strain. CelB also 
binds specifically to ScaA cohesion domains via the Cel44A dockerin domain; however, in 
R. flavefaciens FD-1 both ScaA and ScaB scaffoldin proteins contain ScaA cohesion 
domains. ScaB still retains some ScaB-type cohesion domains. It should be noted that none 
of the R. flavefaciens scaffoldin proteins contain CBMs.  
EndB and CelB are organized with similar domain structures. Initially these enzymes 
appeared to have dramatically different domain organizations, a surprise considering that 
their source organisms are so similar. However, I resequenced the celB gene (Vercoe et al., 
1995) and found that the differences were the result of an incorrect gene sequence that led to 
the incorrect amino acid sequence. The new sequence was obtained from the plasmid of 
Escherichia coli XL–1 Blue pBAW101 clone, a gift from Dr. Bryan White at the University 
of Illinois Urbana–Champaign, and the resulting amino acid sequence showed a domain 
structure for CelB that was the same as EndB. Percent identity between CelB and EndB 
catalytic domains is 80.0%. A draft genome of R. flavefaciens FD-1 was recently published 
that confirmed my resequencing of the celB gene (Berg Miller et al., 2009). 
 Both enzymes contain N-terminal signal peptides that also contain predicted transmem-
brane helices, according to the HMMTOP server (Tusnady et al., 2001). Transmembrane 
prediction software has trouble differentiating transmembrane helices and signal peptides, so 
predictions in these proteins, as well as other family members, should be viewed skeptically 
(Kall et al., 2004). The skepticism is further strengthened because these cellulases exist as 
parts of cellulosomes bound to the cell surface via the ScaE scaffoldin protein, seeming to 
eliminate the benefit of a transmembrane region. The GH44 catalytic domains are adjacent to 
the signal peptide and are 521 and 519 residues long. A novel CBM, unrelated to known 
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protein sequences, follows the catalytic domain (Rincon et al., 2001). The predicted CBM 
secondary structure is an α-helix followed by a 60-residue β-sheet containing aromatic 
amino acids followed by another α-helix. A threonine-rich linker connects the CBM to a 
Cel44A dockerin domain. A graphical view of the domain structures of GH44 members is 
shown as Fig. 2 in Chapter 3. 
EndB binds Avicel, acid-swollen cellulose, and birchwood xylan via its CBM (Rincon et 
al., 2001).. The catalytic domain is active against CMC and lichenan but not against mannan, 
acid-swollen cellulose, Avicel, or p-nitrophenyl (PNP) cellobioside. Optimal activity was 
observed at pH 5.8, and 40% activity relative to 37°C was observed at 50°C. CelB is class-
ified as an endoglucanase and is active on xylan and CMC (White et al., 1990). 
Paenibacillus sp. 
Paenibacillus has been isolated from various sources including petroleum hydrocarbon-
contaminated soil, water, diseased insect larvae, food, and salt marsh rhizosphere (Daane et 
al., 2002). The genus consists of spore-forming, facultative anaerobes that produce cellulo-
lytic enzymes (Velazquez et al., 2004). Four strains of Paenibacillus species produce GH44 
enzymes. P. lautus PL236 encodes CelA, P. pabuli and P. polymyxa ATCC 832 both encode 
xyloglucanases, and P. polymyxa GS01 encodes Cel44C–Man26A, a multidomain enzyme 
holding both xyloglucanases and mannanases (http://www.cazy.org). These enzymes differ 
greatly in their domain organizations. 
CelA, an endoglucanase, exists in 74,000-Da and 57,000-Da forms (Hansen et al., 1992), 
the difference being the proteolytic removal of a CBM from the C-terminus. The N-terminus 
starts with a signal peptide in which a transmembrane helix is predicted by HMMTOP. 
Adjacent to the signal peptide is the catalytic domain of 506 residues, followed by a CBM3 
(http://www.sanger.ac.uk/Software/Pfam/). The long form of CelA is active on acid-swollen 
cellulose, Avicel, lichenan, and CMC. No activity was observed on laminarin, xylan, PNP-β-
D-cellobioside or PNP-β-D-glucopyranoside. Both long and short forms are active from pH 5 
to 9, with maximal activities observed in the range of 5 to 8.5, and are active from 46° to 
 
 
12 
68°C with maximal activity at 60°C. CelA was stable for 5-h incubations at 55°C and had a 
half-life of 70 min at 70°C. 
The xyloglucanase, EC 3.2.1.151, produced by P. polymyxa ATCC 832 contains multiple 
catalytic domains, one of which exhibits mannanase activity, and a CBM. It is active over a 
pH range of 5 to 8 and stable over the pH range of 5 to 10 at room temperature (Schnorr et 
al., 2004). 
Cel44C–Man26A is a multiple-domain enzyme that exhibits xyloglucanase and mannan-
ase (EC 3.2.1.78) activities. The N-terminus begins with a signal peptide followed by the 
GH44 catalytic domain of 524 residues. Adjacent to the GH44 domain is a fibronectin type 3 
domain hypothesized to modify the surface of cellulose (Cho et al., 2006), which serves as a 
linker to the GH26 mannanase domain. The C-terminus ends in a CBM3. The GH44 domain 
has optimal activity on CMC (1,530 U/mg) and lichenan (1,130 U/mg) at pH 7.0 and on 
xylan (529 U/mg) at pH 5.0. The optimal temperature is 50°C. As previously mentioned, no 
activity was present in E222A mutants. 
No information is known about the domain structure, substrate specificities, or stability of 
the xyloglucanase encoded in P. pabuli. 
Clostridium thermocellum 
C. thermocellum is a gram-positive, anaerobic, thermophilic, cellulolytic bacterium 
(Ahsan et al., 1996). Strain F1 was isolated from a compost heap and produces a cellulosome 
containing CelJ, a multdomain enzyme containing a GH44 endoglucanase domain (CAZy). 
CelJ has activity comparable to that of CelS, the most important catalytic subunit of the 
cellulosome; therefore CelJ is believed to have a significant role in catalysis (Ahsan et al., 
1997b). Another C. thermocellum strain, ATCC 27405, produces an identical multidomain 
enzyme. 
CelJ exhibits the most complex domain structure of any GH44 member. Beginning from 
the N-terminus, it is composed of a signal peptide, a transmembrane region contained in the 
signal peptide, a CBM30, an Ig-like module, a GH9 catalytic domain with endoglucanase 
activity, a GH44 catalytic domain of 509 residues, also with endoglucanase activity, a low-
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complexity region, a dockerin domain type I repeat, a polycystic kidney disease protein 
(PKD) domain, another low-complexity region, and a GH44 CBM (Arai et al., 2003; 
Najmudin et al., 2006). 
The GH44 catalytic domain is active on CMC, Avicel, acid-swollen cellulose, barley β-
glucans, lichenan, and xylan. It has no activity on laminarin, PNP-β-D-cellobioside, PNP-β-
D-glucoside, or PNP-β-D-xyloside (Ahsan et al., 1997a). Specific activity on Avicel is 
dependent on the incubation time, being 0.13 U/mg during the first hour and 0.0078 U/mg 
afterward. Michaelis-Menten kinetic parameters were measured for CMC and xylan. The 
optimal pH for activity is 6.5, and CelJ shows greater than 10% relative activity over the pH 
range of 6 to 9. Maximal activity occurs at 70°C, with greater than 10% relative activity from 
30° to 80°C. CelJ is stable between pH 5 and 11 and for 5 min of incubation at 80°C. Cello-
hexaose hydrolysis products include cellotetraose, cellotriose, and cellobiose. The major 
products of insoluble cellulose hydrolysis are cellotetraose and cellotriose (Ahsan et al., 
1997a).  
C. thermocellum ATCC 27405 contains an open reading frame (ORF), Cthe_0624, 
encoding a GH44 enzyme; however, the amino acid sequence is greater than 99% identical to 
the CelJ sequence. It is reasonable to postulate that the differences are the result of sequen-
cing or polymerase chain reaction errors. 
Clostridium acetobutylicum 
C. acetobutylicum is a gram-positive, spore-forming, rod-shaped anaerobe that produces 
organic solvents such as acetone and butanol (Nolling et al., 2001; Sabathe et al., 2002). This 
species has the interesting characteristic of containing a cellulosomal gene cluster able to 
produce extracellular cellulolytic enzymes when grown on various subtrates (Lopez-Contrer-
as et al., 2003); however, it is unable to grow on cellulosic substrates (Sabathe et al., 2002). 
Strain ATCC 824 contains an ORF, CAC0915, encoding a GH44 cellulase (Nolling et al., 
2001). 
The N-terminus begins with a signal peptide contains a transmembrane region. Next to 
the signal peptide is the GH44 catalytic domain of 512 residues, followed by type I dockerin 
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domain, a low-complexity region, and another type I dockerin domain. A through discussion 
of the kinetic and structural characterization of this EG is located in Chapter 3. 
Caldicellulosiruptor sp. 
C. saccharolyticum is an anaerobic, thermophilic bacterium with cellulolytic activity at 
80°C (Saul et al., 1990). Caldicellulosiruptor sp. Tok7B.1 was isolated from a hot spring in 
New Zealand and produces CelE, a GH44 enzyme (Gibbs et al., 2000). C. saccharolyticum 
encodes a GH44 β-mannanase–endoglucanase (Gibbs et al., 1992). Both enzymes contain 
multiple domains. 
CelE is composed of two catalytic domains and four CBMs (Gibbs et al., 2000). The N-
terminal catalytic domain is from GH9 and is likely preceded by a signal peptide. Adjacent to 
this catalytic domain is a Type C CBM3 followed by three Type B CBM3s. After the third of 
these is a 524-residue GH44 catalytic domain. The GH44 catalytic domain did not lose 
activity against CMC after 45 min of incubation at 70°C. At least 10% relative activity was 
maintained between pH 4 and 11 (Gibbs et al., 2000). 
The C. saccharolyticus manA gene encodes a four-domain protein with β-mannanase and 
endogluanase activities (Gibbs et al., 1992). The N-terminus begins with a signal peptide in 
which a transmembrane region is contained. A GH5 mannanase catalytic domain follows. 
Next is a low-complexity region, a Type C CBM3, another low-complexity region, a Type B 
CBM3, and another low-complexity region. The C-terminus is a 573-residue GH44 endoglu-
canase. The GH44 catalytic domain is active against CMC, xylan, and lichenan (Gibbs et al., 
1992). The specific activity of the isolated endoglucanase domain on CMC is 0.0026 U. 
When it is attached to the two CBMs, an increase in specific activity to 0.18 U/mg was 
observed (Frangos et al., 1999). Only 1% relative activity occurred on β-D-cellobiose, β-D-
xylose, and β-D-galactose (Frangos et al., 1999). Thermostability of the enzyme is consistent 
with the 80°C growth temperature of C. saccharolyticus. The half-life of the GH44 domain 
attached to the two CBMs is 24 h at 70°C, 55 min at 80°C, and 4 min at 90°C. 
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Miscellaneous species  
B. gouldi is a teredinid bivalve (shipworm) known to digest cellulose (Dean, 1978). Cel-
lulolytic activity is likely due to a symbiotic relationship with a gram-negative, rod-shaped, 
aerobic chemoheterotroph isolated from the Deshayes gland (Waterbury et al., 1983). An 
ORF, 37GP1, encoding a GH44 endoglucanase was identified in B. gouldi (Bylina, 2002), 
although no substrate specificities have been published. The endoglucanase is 481 amino 
acid residues long. 
Candidatus Koribacter versatilis Ellin 345, formerly Acidobacteria bacterium Ellin 345, 
a gram-negative, capsulated aerobic heterotroph, was isolated from the soil core of an 
Australian pasture (Galperin, 2006). It contains an ORF, Acid345_1503, encoding a 721-
residue GH44. No substrate specificities have been published. 
Synechococcus CC9311 is a cyanobacterium isolated from a coastal environment 
(Palenik et al., 2006). It contains an ORF, sync_1467, encoding a GH44 member of 541 
residues. No information has been published regarding substrate specificity. 
M. xanthus is a gram-negative, rod-shaped bacterium isolated from soil (Reichenbach, 
1999). Two species contain open reading fames encoding GH44 cellulases. M. xanthus con-
tains a fragment that would produce a 661-residue peptide (Goldman et al., 2004) and M. 
xanthus DK 1622 contains MXAN_7450, encoding a 481-residue fragment (Goldman et al., 
2006). 
Anaerocellum thermophilum is a strict anaerobic bacterium isolated from thermal springs 
(Svetlichnyi et al., 1990). The genome from strain DSM 6725 enocodes a multidomain 
protein containing a GH5 catalytic module, two-tandem CBM3 modules, and a 537-residue 
GH44 module on the C-terminus (Athe_1859) (Kataeva et al., 2009). 
Clostridium cellulolyticum H10 ATCC 35319 is a gram-negative mesophilic anaerobe 
isolated from decayed grass (Petitdemange et al., 1984). Strain H10’s genome was sequenced 
by the US DOE Joint Genome Institute; it contains a 566-residue GH44 catalytic module 
with a C-terminal PKD like domain (Ccel_0429 P99 Cel44O) (Lucas et al., 2009a). 
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Conexibacter woesei is a gram-positive, aerobic, rod-shaped bacterium isolated from 
forest soil (Monciardini et al., 2003). Strain DSM 14684’s genome was sequenced by the US 
DOE Joint Genome Institute. It has an ORF that encodes a 661-residue GH44 catalytic 
module (Cwoe_3062) (Lucas et al., 2010). 
Dictyoglomus thermophilum is a strict anaerobic extremophile isolated from hot springs 
(Patel et al., 1987). The genome of strain H-6-12 ATCC 35947 has an ORF encoding a 477-
residue GH44 member (DICTH_1802 Fragment N-terminal) (Dodson et al., 2008). 
Dictyoglomus turgidum is an extremely theromphilic bacterium isolated from hot springs 
(Lucas et al., 2008). Strain DSM 6724’s genome contains an ORF that encodes a predicted 
563-residue GH44 member (Dtur_0097). 
Dyadobacter fermentans is a gram-negative bacterium isolated from Zea mays stems 
(Chelius et al., 2000). The genome of strain DSM 18053 has a hypothetical protein of 570 
amino acid residues which form a GH44 member (Dfer_1570) (Lucas et al., 2009c). 
Fibrobacter succinogenes is a strict anaerobic bacterium isolated from rumen (Bryant et 
al., 1953). The genome from subsp. F. succinogenes S85 has an ORF encoding a 644-residue 
GH44 member (Fisuc_0323) (Lucas et al., 2009d). 
Opitutus terrrae is an obligately anaerobic bacterium isolated from rice paddy soil (Chin 
et al., 2001). The genome of strain PB90-1 contains a multidomain hypothetical protein 
(Oter_4304) consisting of a 554-residue GH44 domain and a C-terminal PKD domain 
(Copeland et al., 2008). 
Ruminococcus sp 18P13 is a anaerobic bacterium contained in the fecal matter of 
methane gas-producing humans (Robert et al., 2003). An ORF encodes a 757-residue protein 
containing a putative GH44 member (RUM_05910) (Pajon et al., 2010). 
Sorangium cellulosum ‘So ce 56’ is a gram-negative bacterium living in the soil (Julien et 
al., 2003). Its genome encodes a 596-residue GH44 member (Sce1498) (Schneiker et al., 
2007). 
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Spirosoma linguale is a mesophilic, aerobic bacterium isolated from a water bath. The 
complete chromosome of strain DSM 74 has a hypothetical GH44 member composed of 620 
amino acids (Slin_4317) (Lucas et al., 2009b). 
Teredinibacter turnerae is a facultative endosymbiont that lives in the fills of wood-
boring marine bivalves of the family Teredinidae. Strain T7901 has two hypothetical GH44 
members, one of 556 residues (TERTU_4054) and the other of 755 residues containing a 
serine linker to a CBM2 domain (TERTU_2311) (Yang et al., 2009a). It is of note that ORF 
TERTU_4054 is located adjacent to the ORF 37GP1 produced by B. gouldi and that the two 
sequences are 96.6% identical. In fact, the sequences are completely identical except for the 
additional N-terminal amino acids of TERTU_4054. B. gouldi has been believed to obtain its 
cellulolytic activity from a symbiotic relationship, and this relationship strengthens that 
hypothesis. 
Phylum NC10 has been identified from the 16S ribosomal RNA gene sequences found in 
sediment from fresh water ecosystems in the Netherlands. The sequence of the NC10 RNA 
encodes for an ORF (DAMO_1282) encoding a 738-residue protein containing a GH44 
catalytic domain (Ettwig et al., 2010). 
Two cellulase fragments and CelM2 derived from uncultured bacteria are classified as 
GH44 members. As mentioned previously and discussed in more detail in Chapter 3, CelM2 
has a known crystal structure (Nam et al., 2009). CelM2 is a 662-residue protein containing 
both a 564-residue GH44 catalytic module and a PKD domain. CelM2 has published specific 
activities for barley glucan (121,000 U/mg), CMC (105,000 U/mg), birchwood xylan (51,700 
U/mg), oat spelt xylan (20,200 U/mg), PNP-cellobioside (160 U/mg), and PNP-xyloside (700 
U/mg) (Kim et al., 2008). If the activies are correct, this is among the most active cellulases 
studied to date. The optimal temperature of this enzyme for activity is 45 °C and its optimal 
pH is 4.0. Little is known about the two fragments other than their primary amino acid 
sequences. 
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Chapter 3. Tertiary Structure and Characterization of a Glycoside 
Hydrolase Family 44 Endoglucanase from Clostridium acetobutylicum 
A paper published in Applied and Environmental Engineering, Vol. 76, No. 1, p. 338–346, 
Jan. 2010 
Christopher D. Warner,1 Julie A. Hoy,2 Taran C. Shilling,1 Michael J. Linnen,1 Nathaniel D. 
Ginder,2 Clark F. Ford,3 Richard B. Honzatko,2 and Peter J. Reilly1* 
Abstract 
A gene encoding a glycoside hydrolase family 44 (GH44) protein from Clostridium 
acetobutylicum ATCC 824 was synthesized and transformed into Escherichia coli. The 
previously uncharacterized protein was expressed with a C-terminal His-tag and purified by 
nickel–nitrilotriacetic acid affinity chromatography. Crystallization and x-ray diffraction to 
2.2-Å resolution revealed a TIM barrel-like structure with additional Greek key and β-sand-
wich folds, similar to other GH44 crystal structures. The enzyme hydrolyzes cellotetraose 
and larger cellooligosaccharides, yielding an unbalanced product distribution including some 
glucose. It attacks carboxymethylcellulose and xylan at approximately the same rates. Its 
activity on carboxymethylcellulose is much higher than that of the isolated C. acetobutylicum 
cellulosome. It also extensively converts lichenan to oligosaccharides of intermediate size 
and attacks Avicel to a limited extent. The enzyme has an optimal temperature in a 10-min 
assay of 55°C and an optimal pH of 5.0. 
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Introduction 
Thirteen glycoside hydrolase (GH) families, each having members related to each other 
by amino acid sequence, contain enzymes that hydrolyze cellulose and/or cellooligosacchar-
ides (Cantarel et al., 2009b). Among them is GH family 44 (GH44), most of whose enzymes 
are endoglucanases (EGs). In general, EGs are more active on longer rather than on shorter 
chains and are more likely to attack bonds in the interiors of carbohydrate chains than near 
their termini. 
With one exception, GH44 enzymes are produced by bacteria, both aerobic and anaerob-
ic. At present, 29 amino acid sequences of GH44 members have been determined (Cantarel et 
al., 2009b). Often they are combined with other GHs in multienzyme proteins (Fig. 2). 
Not all of these GH44 enzymes have been produced in vitro, and those that have been 
produced have been only partially characterized. Experimental results indicate that GH44 
enzymes exclusively cleave β-1,4 bonds between glucosyl and xylosyl residues, and that they 
have varying abilities to attack xylan, lichenan, and different cellulose forms such as Avicel, 
acid-swollen cellulose, and carboxymethyl cellulose (CMC), with the presence of a carbohy-
drate-binding module (CBM) allowing higher activity on solid cellulose. They appear to be 
inactive on short oligosaccharides like p-nitrophenyl (PNP)-β-glucopyranoside, PNP-β-
cellobioside, and PNP-β-xylopyranoside. 
Most GH families containing cellulases have at least one member with a known tertiary 
structure. That was not true of GH44 until Kitago et al. (2007) published six different crystal 
structures of an EG, CelJ, from Clostridium thermocellum. Three of the crystal structures are 
of the wild-type enzyme and the other three are of the E186Q mutant, with each form being 
both unliganded and complexed with cellopentaose or cellohexaose. The enzyme uses a 
retaining mechanism, with Glu186 being the proton donor/acceptor and Glu359 being the 
nucleophile. Subsites –4 to –1 of the wild-type enzyme hold cellotetraose. 
When the E186Q mutant is soaked with cellopentaose or cellohexaose, different-length 
cellooligosaccharides are complexed in its subsites –4 to +5. 
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A second tertiary structure from an unidentified bacterium is similar to that from C. 
thermocellum (Nam et al., 2009). The enzyme, CelM2, is a TIM-like (β,α)8 barrel with a β-
sandwich domain. It also has Glu221 and Glu393 as the catalytic proton donor/acceptor and 
nucleophile, respectively. These two residues are located approximately 4 Å apart from one 
another, similar to the catalytic residues of CelJ. 
The present work concerns the GH44 putative EG from Clostridium acetobutylicum 
ATCC 824, a gram-positive, mesophilic, anaerobic, solvent-producing bacterium. This 
organism and other solvent-producing Clostridium strains cannot grow on cellulose as a sole 
Figure 2: Structural organization of genes coding for GH44 CDs, excluding GH44 members with only a 
signal peptide and a CD. The gene encoding O. terrae’s GH 44 member produces a 920-residue protein 
whose domain structure is unclassified. The sequence was searched against the Pfam library and a low E-
value, 1.22 x 10–22, was found for a PKD-type domain. 
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carbon source, but the first can produce EGs, mainly extracellular, when grown on glucose, 
xylose, mannose, and cellobiose (Lee et al., 1985). Nearly all of the same strains can grow on 
larchwood xylan, but C. acetobutylicum ATCC 824 can do this only when cultured in a 
chemostat, where it produces xylanase activity (Lee et al., 1985).. 
Genomic sequencing has found the gene CAC0915, which putatively encodes a fusion 
protein consisting of a signal peptide, a GH44 CD, and a type I dockerin, but no CBM, in C. 
acetobutylicum ATCC 824 (Nolling et al., 2001). This putative protein, CAC0915, has 606 
amino acids for a calculated molecular weight of 66.8 kDa (Nolling et al., 2001). The same 
project found genes for many other cellulases and xylanases. In fact, the complete coding for 
a cellulosome similar to those in the cellulolytic species Clostridium cellulovorans and 
Clostridium cellulolyticum appears to be present in C. acetobutylicum ATCC 824 (Nolling et 
al., 2001), and a cellulosome is produced, but its cellulolytic activity is very low (Sabathe et 
al., 2002). Schwarz et al. (2004) have hypothesized that C. acetobutylicum has repressed 
cellulosome expression and cellulolytic activity during evolution since it can grow on simpler 
substrates, including starch, oligosaccharides, and monosaccharides. 
This article reports the phylogenetic tree of the GH44 enzymes and the production, 
purification, and subsequent structural and kinetic characterization of C. acetobutylicum 
GH44 EG. This protein apparently had not been observed in isolated form before this project. 
Materials and Methods 
GH44 multiple sequence alignment and phylogenetic tree 
Primary amino acid sequences of GH44 CDs were obtained from GenPept and UniProt 
databases via the CAZy database (Cantarel et al., 2009b). An initial multiple sequence 
alignment was performed using ClustalX v. 1.83 (Thompson et al., 1997) using gap penalties 
of 30 for both pairwise and multiple alignments, with a delay for divergent species set at 40% 
and with a Gonnet series 250 protein weight matrix (Gonnet et al., 1992) to identify GH44 
CDs in fusion proteins containing non-GH44 domains. 
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Following this, amino acid sequences of 23 of the 29 GH44 CDs were aligned using the 
same techniques. Two cellulase fragments from uncultured bacteria were omitted because 
their sequences were incomplete, Myxococcus xanthus sequence 15196 is the same as the M. 
xanthus DK 1622 sequence, and sequences of CelJ in C. thermocellum ATCC 27405 and 
CelJ in C. thermocellum F1 are the same except for amino acid position 1394. The P. pabuli 
EG sequence was excluded because of a segment of 36 unidentified amino acids. 
A phylogenetic tree was constructed using Phylip 3.68 (http://evolution.genetics. 
washington.edu/phylip.html). The GH44 CD multiple sequence alignment was bootstrapped 
using Seqboot with molecular sequence and bootstrapping chosen, bootstrap block size = 1, 
input sequences interleaved, and 100 replicates generated. The output multiple sequence 
alignments were used as inputs for Protpars (parsimony), ProML (maximum likelihood) and 
ProtDist/Neighbor (neighbor-joining) to find the best phylogenetic tree for each alignment by 
randomizing the input order of the sequences. A consensus tree was determined using Con-
sense and majority-rule consensus type. Branch lengths were generated for the consensus tree 
by inputting the initial multiple sequence alignment and consensus tree into Proml and using 
the Jones–Taylor–Thornton probability model (Jones et al., 1991). Branch distances were 
given in terms of expected fraction of amino acids changed, such that 1.0 is the same as 100 
point accepted mutations (PAMs). 
Gene synthesis and transfer  
Conflicts in codon usage between source and host organisms can hinder successful 
protein expression (Makoff et al., 1989; Gustafsson et al., 2004). Therefore Protein2DNA 
(DNA 2.0, Menlo Park, CA, www.dnatwopointo.com) was used to adjust the codon bias of 
the first 1643 nucleotides of CAC0915, coding for the signal peptide through the CD, but not 
the dockerin domain, to that of Escherichia coli. This sequence was synthesized by Mega-
base Research Products (Lincoln, NE) and supplied as an E. coli XL1–Blue (Stratagene, La 
Jolla, CA) clone containing the synthesized gene in the pST1Blue plasmid (Invitrogen, 
Carlsbad, CA). 
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The DNA provided by Megabase was used as a template to produce a 1544-base-pair 
gene fragment, yielding a mature protein of 511 amino acids, identical in sequence to that of 
the CD of the protein CAC0915. The nucleotides encoding for the signal peptide were 
removed to eliminate expression problems and potential crystallization problems due to an 
unstructured/transmembrane-like region. This was cloned into the Novagen (Madison, WI) 
pET–22b(+) vector, which codes for the fusion of a C-terminal histidine tag, and expressed in 
E. coli BL21(DE3) (Novagen). 
Protein production and purification 
E. coli clones were grown in auto-induction medium (0.05% glucose, 0.5% glycerol, 
0.2% lactose, 1.2% tryptone, 2.4% yeast extract, 25 mM succinate, 5 µM Fe2(SO4)3, 19 mM 
KH2PO4, 45 mM K2HPO4, 2 mM MgSO4, and 45 mM NaH2PO4) (Studier, 2005), supple-
mented with 50 mg/l carbenicillin, at room temperature and 250 rpm shaking until the 
absorbance at 600 nm was approximately 13, measured after dilution to bring the reading 
within the linear range. Harvested cells were resuspended in 20 ml nickel–nitrilotriacetic acid 
(Ni–NTA) binding buffer (25 mM HEPES, pH 7.0, 300 mM NaCl, and 10 mM imidazole) 
(Novagen), and lysed four successive times in an SLM Aminco (Rochester, NY) French 
press at 125 MPa. 
A 15-ml Ni–NTA His•Bind Superflow™ (Novagen) column resin was used to purify 
His-tagged proteins. The column was washed with Ni–NTA wash buffer (25 mM HEPES, 
pH 7.0, 300 mM NaCl, and 20 mM imidazole) and the enzyme was eluted with Ni–NTA 
elution buffer (25 mM HEPES, pH 7.0, 300 mM NaCl, and 250 mM imidazole) (Novagen). 
A 50-ml Sephadex G–25 (GE Healthcare, Piscataway, NJ) column was used to desalt the 
protein into 10 mM of pH 7.0 HEPES buffer. If necessary, the protein was concentrated to 22 
g/l, using the Pierce (Rockford, IL) bicinchoninic acid assay (Smith et al., 1985) and bovine 
serum albumin standards, with a Vivaspin6 (Sartorius, Elk Grove, IL) polyethersulfone 5000-
Da MWCO spin filter at 8,000 x g. Based upon densitometry analysis using ImageJ of Pierce 
pre-cast SDS–PAGE gels, the protein in the elution fraction was >>95% pure (data not 
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shown). The contaminating band, seen only on silver staining, was of approximately the 
same molecular weight as the nickel-binding enzyme SlyD (Parsy et al., 2007). 
Crystallization and structure refinement  
Crystallization screening was performed using the hanging-drop vapor diffusion method 
with 500 µl of mother liquor in the reservoir and a 1:1 ratio of protein to mother liquor in a 4-
µl drop and Hampton Research (Aliso Viejo, CA) Crystal Screen I and Crystal Screen II 
buffer kits. Initial crystals were obtained using Hampton’s Crystal Screen buffer 20 (0.2 M 
(NH4)2SO4, 0.1 M NaOAc, and 25% (w/v) PEG 4,000 at pH 4.6) at 23ºC. The buffer 
composition was optimized to 0.2 M (NH4)2SO4, 0.1 M NaOAc, 10% (w/v) PEG 3,350, and 
pH 5.4 for the native protein. The crystals were approximately 0.6 x 0.3 x 0.1 mm in size. 
They were soaked in 0.15 M (NH4)2SO4, 0.75 M NaOAc, 18.75% (w/v) PEG 3,350, and 25% 
(w/v) glycerol at pH 5.4 and frozen before data collection. Diffraction data were collected at 
100 K at the Iowa State University Macromolecular X-ray Crystallography Facility on a 
Rigaku/MSC home-source generator at 1.54 Å wavelength and processed using d*TREK 
(Pflugrath, 1999). The crystal belongs to space group P212121, and its unit cell parameters 
and relevant diffraction statistics are located in Table 2. 
Molecular replacement was used to solve enzyme structures using AMoRe from the 
CCP4 suite (Collaborative Computational Project, 1994; Navaza, 1994). The structure of C. 
thermocellum Cel44A (PDB 2e4t) (Kitago et al., 2007) was used to solve the phase problem 
and to thread the amino acid sequence of the enzyme into the molecular replacement solution 
using Swiss-PdbViewer (Guex et al., 1997). Manual rebuilding of the model was performed 
using O (Jones et al., 1991), and the model was refined with REFMAC5 (Murshudov et al., 
1997). Structural calculations were performed with DSSP (Kabsch et al., 1983) and figures 
were created with PyMol (DeLano Scientific, Palo Alto, CA). The final model is a monomer 
consisting of 512 amino acid residues with 638 water molecules, ten glycerol molecules, 
three acetate ions, one calcium ion, one chloride ion, and one sulfate ion, with structural 
refinement statistics shown in Table 2. 
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Table 2: X-ray data collection and structure refinement 
_______________________________________________  
Space group P212121 
Unit cell parameters 
a (Å) 54.08 
b (Å) 87.29 
c (Å) 103.29 
α (º)  90.0 
β (º) 90.0 
γ  (º)  90.0 
Resolution (Å) 66.67–2.20 
 (2.28–2.20)a 
Rmergeb (%) 8.6 (20.9) 
Completeness (%) 99.5 (94.3) 
Observed reflections 123,672 
Unique reflections 25,388 
Redundancy 4.87 (4.19) 
I/σ(I) 11.4 (5.0) 
Mosaicity 0.5° 
Refinement statistics 
No. of non-hydrogen atoms 4735 
No. of water molecules 638 
Rworkc 15.8 
Rfreed 23.1 
Average B (Å2) 14.295 
Ramachandran plot 
In most favored (%) 88.7 
In additionally allowed (%) 11.1 
In generously allowed (%) 0.2 
RMSD from ideal geometry 
Bond lengths (Å) 0.012 
Bond angles (º) 1.3 
 _______________________________________________  
a Values in parentheses are for the highest-resolution shell. 
b Rmerge =        , where           is the  
intensity of the jth measurement of reflection hkl and            is the 
average over all j measurements of reflection hkl. 
c Rwork =                                                      , where            and         
are the structure-factor amplitudes. 
d Rfree calculated for a random 5% of reflections. 
Products of carbohydrate hydrolysis 
The enzyme, at a concentration of 650 mg/l, was incubated individually with the follow-
ing substrates: 750 mg/l of the cellooligosaccharides [(β-D-glucopyranosyl-(1→4))n-β-D-
glucose, n = 1–5] cellobiose (Sigma, St. Louis, MO, catalog C-7252), cellotriose (Seikagaku, 
Tokyo, Japan, 400400-1), cellotetraose (Seikagaku, 400402-1), cellopentaose (Seikagaku 
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400404-1), and cellohexaose (Seikagaku 400406-1), along with 20 g/l Avicel (microcrystal-
line cellulose) (Fluka, Buchs, Switzerland, 11363, lot 430118/1), 20 g/l low-viscosity CMC 
(cellulose derivatized mainly with 2-O- and 6-O-linked carboxyl groups, averaging 0.6 to 
0.95 groups per glucopyranosyl residue) (Sigma C-5678, lot 065K0111), 20 g/l laminaran 
[primarily (β-D-glucopyranosyl-(1→3))n-D-glucose, n = high] (Sigma L-9634), 10 g/l lich-
enan [(β-D-glucopyranosyl-(1→3,1→4))n-D-glucose, n = high] (Fisher 155231, lot 9964F), 
10 g/l mannan [(β-D-mannopyranosyl-(1→4))n-D-mannose, n = high] (Sigma M-7504, lot 
44C-1764), 20 g/l pullulan [(α-maltotriosyl-(1→6)-α-maltotriosyl)n-D-glucose, n = high] 
(TCI America, Portland, OR, P0978, lot GA01), and 20 g/l xylan (β-D-xylopyranosyl-
(1→4))n-β-D-xylose, n = high, with significant branching initiated and terminated by other 
sugar residues) from birchwood (Sigma X-0502, lot 129H0901) or larchwood (Sigma X-
3875, lot 125C-00582) at 25°C in 0.1 M NaOAc buffer, pH 5.0, for 16 h. The hydrolysis 
products were analyzed by thin-layer chromatography. A 60-Å silica gel plate (Whatman, 
Florham Park, NJ) was spotted with hydrolyzate and developed using a single ascent of 
acetonitrile/ethyl acetate/1-propanol/water (1.7:0.4:1:1) mobile phase (Han et al., 1998). The 
plate was dipped into a 5% (w/v) H2SO4, 0.5% (w/v) naphthol solution in ethanol and 
incubated at 95°C until the carbohydrate spots developed color. 
Assays for enzyme activity and thermostability 
Kinetic constants of the enzyme acting on CMC, birchwood xylan, and larchwood xylan 
were determined by measuring product reducing sugars with a glucose standard curve using 
tetrazolium blue reagent (0.1% (w/v) tetrazolium blue, 0.05 M NaOH, and 0.5 M sodium 
potassium tartrate) (Jue et al., 1985). Standard assay conditions consisted of incubating 
enzyme (1.7 mg/l) with 0.025–10 g/l substrate in 0.1 M sodium acetate (NaOAc) buffer, pH 
5.0, at 25°C. Samples were taken at 30-s to 5-min time intervals. Each sample was placed in 
a boiling water bath with 4 ml of tetrazolium blue reagent for 5 min to stop the reaction and 
develop reagent color. Specific activity for each substrate concentration was determined by a 
linear regression of the reducing sugar concentration liberated versus incubation time and 
dividing the slope by the mass of protein in the sample. Enzyme units are defined as µmol 
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glucose liberated/min under the assay conditions. A plot of specific activity versus substrate 
concentration was generated for each substrate, and the maximal activities and Michaelis 
constants were determined by nonlinear regression. Activity on larchwood xylan decreased at 
high substrate concentrations, so an extra denominator term representing inhibitor concen-
tration was included in the rate equation. 
Optimal temperature and pH were determined with the tetrazolium blue assay. The for-
mer was found by reacting 2% (w/v) low-viscosity CMC with 1.7 mg/l enzyme at 25–60ºC 
and pH 5.0 in 0.1 M NaOAc buffer. Sampling was performed as described above and linear 
regression was used to calculate activities at each temperature. Determination of optimal pH 
used 1.7 mg/l enzyme incubated with 2% (w/v) low-viscosity CMC at 25°C. The reaction 
buffers were 0.1 M NaOAc buffer for pH 3.5–5.0 and 0.1 M sodium phosphate buffer for pH 
5.5–8.0. Sampling and activity calculations were performed as described above. 
Enzyme thermostability was determined by incubating the enzyme in 10 mM HEPES, pH 
7.0, at various temperatures for five different incubation times. Each partially inactivated 
enzyme sample was reacted with 1.0% (w/v) CMC in 0.1 M NaOAc buffer, pH 7.0, and 
sampled as described above. A plot of ln (activity) versus incubation time was used to 
determine the first-order inactivation rate coefficient for each incubation temperature. Values 
of ln (rate coefficient) were plotted versus inverse temperature to determine the activation 
energy of enzyme inactivation. 
Results 
GH44 multisequence alignment and phylogenetic tree 
Although there are significant regions of sequence similarity in GH44 CDs, in general 
this family consists of enzymes with widely differing sequences (Appendix 1, Fig. 15). The 
neighbor-joining method produced the best consensus tree (Fig. 3), based upon frequency of 
branch occurrences. Two different groupings emerge, one comprising EGs from C. thermo-
cellum, C. acetobutylicum, C. cellulolyticum, Dictyoglomus thermophilum, Dictyoglomus 
turgidum, Caldocellulosiruptor saccharolyticus and another Caldocellulosiruptor species,  
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and Anaerocellum thermophilum, and the other encompassing sequences from Opitutus 
terrae, Ruminococcus flavefaciens, Sorangium cellulosum, Myxococcus xanthus, Synech-
ococcus sp., an uncultured strain, Candidatus Koribacter versatilis, Teredinibacter turnerae, 
and Bankia gouldi (a shipworm and the only nonbacterial species). The two Paenibacillus 
polymyxa xyloglucanses, the Paenibacillus lautus EG, and a second T. turnerae sequence are 
more distant from the other EGs. Specifically, the EGs from C. thermocellum and C. aceto-
butylicum, which is the subject of this study, have very similar sequences. 
Figure 3: Phylogenetic tree of GH44 CDs. 
 
 
29 
Enzyme crystal structure 
The C. acetobutylicum EG crystal structure, composed of 25 β-strands and 18 α-helices, 
was solved to 2.2 Å resolution. It has a catalytic (β/α)8 TIM barrel-like structure (β3–β6, 
β11–β17, α1–α5, α7–α18) with an additional ψ-loop motif (β7–β10, α6) and β-sandwich 
(β1–β2, β18–β25) of unknown function (Fig. 4). The catalytic proton donor/acceptor, 
Glu180, and catalytic nuclophile, Glu352, are well defined in the electron density and are 
located after the fourth β-strand (β11) and on the seventh β-strand (β16) of the TIM barrel 
core, respectively, with 5.4 Å separating their γ-carbon atoms, and with Glu180 being part of 
an NEP motif. This structure indicates that the enzyme is part of Clan GH-A and has a 
retaining mechanism. The catalytic proton donor/acceptor and nucleophile are the only two 
residues located in the generously allowed region of the Ramachandran plot. As with other 
EGs, C. acetobutylicum EG has a large, open binding cleft to accommodate bulky substrates. 
This structure and that of C. thermocellum EG (PDB 2e4t) when superimposed have an 
RMSD of 0.70 Å for 499 Cα atoms. Fig. 5A shows their alignment. Only two small secon-
dary structure differences are observed: Additional short helices exist in C. acetobutylicum 
EG (Pro18–Ile20) and C. thermocellum EG (Leu336–Ile338). Both EGs contain structural 
calcium ions to stabilize their ψ-loops. C. acetobutylicum EG has residues analogous to each 
of the ligand-binding amino acids of C. thermocellum EG: the catalytic proton donor/accep-
tor Glu180 (C. acetobutylicum EG)/Glu186 (C. thermocellum EG), the catalytic nucleophile 
Glu352/Glu359, hydrophobic platforms Trp58/Trp64, Tyr65/Tyr71, Trp320/Trp327, 
Trp324/Trp331, and Trp385/Trp392, and hydrogen bonders Asn40/Asn46 and Arg41/Arg47. 
C. acetobutylicum EG and CelM2 have an RMSD of 1.19 Å for 407 Cα atoms. Figs. 5B–
5D show alignments and key structural differences between these two enzymes. CelM2 does 
not have a clear ψ-loop analogous to that of C. acetobutylicum EG. The amino acid residues 
that replace this small domain in CelM2 form three α-helices, three β-strands, and a twisted 
β-strand instead of one α-helix, four β-strands, and a structural calcium ion that form the ψ-
loop in C. acetobutylicum EG. The result is a difference in the shape of the binding cleft of
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the two EGs (Fig. 5C). The small CelM2 domain extends beyond the C. acetobutylicum EG 
ψ-loop, forming a deeper binding pocket. C. acetobutylicum EG has three residues (Arg41 in 
subsite –3, Tyr65 in subsite +3, and Trp324 in subsite +5), encircled by blue ovals in Fig. 5B, 
that are involved in substrate binding and that do not have structural analogs in CelM2. It 
also has two hydrophobic residues, Trp58 and Tyr65, both in subsite –4, on opposite faces of 
the active site that can bind a substrate. Conversely, CelM2 has two α-helices where only
Figure 4: Crystal structure of C. acetobutylicum ATCC 824 EG shown with a 90° rotation. TIM barrel, 
a β-sandwich domain, and ψ-loop domains are shown. The catalytic acid/base, Glu180, and catalytic 
nucleophile, Glu352, are shown as sticks, as are amino acids involved in ligand binding. A chloride 
ion, orange, is located next to the catalytic acid in the TIM barrel. A cartoon diagram of the ψ-loop 
with respect to the rest of the protein is highlighted in the orange box. It contains a β-strand located 
between two anti-parallel β-strands and hydrogen-bonded to them. A calcium ion, magenta, appears to 
stabilize this domain. 
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Figure 5: Structural alignments of C. acetobutylicum ATCC 824 EG with C. thermocellum EG or CelM2. (A) 
Alignment of cartoon representations of C. acetobutylicum EG and C. thermocellum EG. Ligand binding 
residues of C. thermocellum EG and their C. acetobutylicum EG analogs are shown as sticks, as are the 
catalytic residues. The chloride and calcium ions of both enzymes are orange and magenta spheres, respect-
ively. Minimal structural differences are observed, with those additional secondary structure elements present 
in one enzyme but not the other shown in blue (C. thermocellum EG) or green (C. acetobutylicum EG). (B) 
Cartoon alignment of C. acetobutylicum EG and CelM2. Secondary structural features present in C. aceto-
butylicum EG but not in CelM2 are shown in green, and while those found in CelM2 but not in C. acetobutyl-
icum EG are shown in yellow. Key ligand binding amino acids and catalytic residues are shown as sticks and 
are colored like their secondary structure. The ψ-loop of C. acetobutylicum EG and small domain of CelM2 
that replaces it are shown in an orange circle. The blue ovals highlight both additional α-helices present in C. 
acetobutylicum EG as well as its ligand binding residues (Arg41, Tyr65, and Trp324). (C) The alignment in 
(B) is rotated to show how the small domain of CelM2 extends the upper face of the ligand binding cleft 
relative to the ψ-loop of C. acetobutylicum EG. (D) A surface representation of (B) with C. acetobutylicum EG 
shown in blue and CelM2 shown in red. As in (B), key differences are shown in yellow or green. Catalytic 
residues are shown in orange. 
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where only coils are present in C. acetobutylicum EG (Fig. 5B). The helix on top of CelM2, 
on which Trp288 is found, is at the end of the binding cleft and forms a protrusion that points 
toward its opposite face, holding Trp365, another hydrophobic residue, and they could 
potentially form stacking interactions with a substrate. These two residues are located at the 
opposite end of the binding cleft from the two opposing hydrophobic residues in C. acetobut-
ylicum EG. 
Carbohydrate hydrolysis products 
Thin-layer chromatography shows that C. acetobutylicum EG attacks cellotetraose, 
cellopentaose, and cellohexaose, but not cellobiose and cellotriose (Fig. 6A). Cellotetraose 
yields mainly cellotriose and glucose, with some unreacted cellotetraose and perhaps some 
cellobiose. Cellotriose, cellobiose, glucose, and cellotetraose are produced from cellopenta-
ose. Cellohexaose yields cellotriose, cellobiose, and glucose, larger products presumably 
being completely hydrolyzed because of the long incubation times and high enzyme concen-
trations used here. C. acetobutylicum EG attacks CMC, birchwood and larchwood xylan, 
lichenan, and to a limited extent Avicel (Fig. 6B), but not laminaran, mannan, and pullulan 
(data not shown). Hydrolysis products of CMC, birchwood xylan, and larchwood xylan are 
mainly mono- to tetrasaccharides, while those of lichenan are in general longer. Avicel yields 
small amounts of cellobiose, cellotriose, and cellotetraose. 
Enzyme kinetic and thermostability properties 
Enzyme activity on CMC and the two xylans increases with increasing substrate concen-
trations (Appendix 1, Fig. 16), leading to the kinetic values in Table 3. Activity decreases at 
high larchwood xylan concentrations, perhaps because of an inhibitory material in the xylan. 
It is noteworthy that this EG has higher kcat values on the two xylans than on CMC, even 
though most characterized GH44 members are classified as either EGs or xyloglucanases. 
The enzyme has an optimal temperature on CMC in a 10-min assay at pH 5 near 55°C 
and has an activation energy for activity of 26.9 ± 3.0 kJ/mol, where the second value is the 
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Table 3: Kinetic constants of C. acetobutylicum GH44 endoglucanase on 
different substrates in 0.1 M NaOAc buffer at pH 5.0 
Substrate kcat (s–1) KM (g/L) kcat/KM (L/g-s) 
CMC 18.9 ± 0.5a 0.263 ± 0.027 65 
Birchwood xylan 31.6 ± 1.0 0.412 ± 0.045 77 
Larchwood xylan 29.5 ± 1.7 0.278 ± 0.035 106 
a Standard error 
standard error (Appendix 1, Fig. 17). It has an optimal pH on CMC of 5.0 (Appendix 1, Fig. 
18). The thermostability of the enzyme at pH 7 is shown in Appendix 1, Fig. 19. The activat-
ion energy of thermoinactivation is 230 ± 42 kJ/mol, much higher than the activation energy 
for activity, as is expected. 
 
Figure 6: Thin-layer chromatography of hydrolysis products when enzyme was incubated with 10 g/l 
cellooligosaccharides or 10 g/l various polysaccharides in 0.1 M NaOAc buffer, pH 5.0, at 25°C for 16 h. 
A) Lanes from left to right: glucose, cellobiose, cellotriose, cellotetraose, cellopentaose, and cellohexaose 
standards (from top to bottom); cellobiose control (without enzyme); cellobiose incubation (with enzyme); 
cellotriose control; cellotriose incubation; cellotetraose control; cellotetraose incubation; cellopentaose 
control; cellopentaose incubation; cellohexaose control; cellohexaose incubation. B) Lanes from left to 
right: glucose, cellobiose, cellotriose, cellotetraose, cellopentaose, and cellohexaose standards (from top to 
bottom); CMC control (without enzyme); CMC incubation; lichenan control; lichenan incubation; 
birchwood xylan control; birchwood xylan incubation; larchwood xylan control; larchwood xylan 
incubation; Avicel control; Avicel incubation; glucose, cellobiose, cellotriose, cellotetraose, cellopentaose, 
and cellohexaose standards (from top to bottom). 
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Discussion 
C. acetobutylicum GH44 EG has been isolated for the first time. It is the third and most 
thoroughly characterized EG from this organism, after work by Zappe et al. (1986) on an EG 
from an unidentified GH family and by López-Contreras et al. (2003) on a GH9 EG. 
The similarity in tertiary structures of C. acetobutylicum and C. thermocellum EGs and 
their more significant difference with the crystal structure of CelM2 is not unexpected, 
considering the proximity of the first two enzymes on the GH44 phylogenetic tree and their 
distance from the third (Fig. 3). 
C. acetobutylicum EG is active on a variety of β-1,4-linked glucans, with somewhat 
higher activity on xylans than on CMC, opposite the case with C. thermocellum EG. Both 
studies used low-viscosity CMC from Sigma. The differences in relative activity on xylan 
versus CMC for these two enzymes may be due to the use of oat spelt xylan in the C. 
thermocellum EG study, whereas birchwood and larchwood xylans were used in this study. 
The impact of plant source on differences in xylanase activity is a more likely explanation 
than structural differences between the enzymes, given the low RMSD between their 
structures and the lack of obvious structural differences in their active site. 
Activity on CMC and xylan is consistent with the crystal structure of C. acetobutylicum 
EG, where a broad binding cleft allows entry of bulky side chains. The unbalanced nature of 
the  products of cellotetraose hydrolysis can be explained by subsites to one side of the 
cleavage point having a higher affinity for substrate residues than those on the other side. If 
this is the case, then subsites –4 to –1 should bind substrate residues stronger than subsites +1 
to +5, since 1) Kitago et al. (2007) found the hydrolysis product cellotetraose in subsites –4 
to –1 when the crystals of the closely related C. thermocellum wild-type EG had been soaked 
with longer substrates; 2) C. acetobutylicum EG subsites +1 to +3 lack any amino acid 
residues that can hydrogen-bind substrates, while Trp58 in subsite –4, Arg41 and Tyr65 in 
subsite –3, and Asn40, Glu352, and Trp385 in subsite –1 can do so. 
The cellooligosaccharide hydrolysis results (Fig. 6A) indicate that C. acetobutylicum EG 
reacts faster on longer substrates than on shorter ones, as no cellopentaose and cellohexaose 
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but some cellotetraose remain when they are hydrolyzed over long periods by a very high 
concentration of enzyme. Furthermore, the enzyme does not attack cellobiose and cellotriose 
at all. This behavior is caused by the progressive loss of ability, due to a progressively less 
negative binding free energy, of the enzyme to bind substrates as their chain length decreas-
es. This is a common trait of endo-acting enzymes such as EGs, which have long active sites 
with many subsites binding carbohydrate residues, most with negative binding energies. 
Inactivity against mannan is likely due to an inability of the catalytic nucleophile to 
hydrogen-bond with the 2-OH group of the manopyranosyl ring in subsite –1, therefore 
leaving it in a 4C1 non-distorted conformation. Inactivity on laminarin is due to the sub-
strate’s β-1,3-glycosidic bonds, which would require the hydrogen-bond donors in the 
binding cleft to be on opposite, equatorial sides of the residue in subsite –1 to be able to 
distort it. 
C. acetobutylicum GH44 EG is optimally active on CMC at pH 5.0 and 55°C. This is 
comparable to the optimal pH of 5.2 observed for the extracellular unidentified EGs 
produced by C. acetobutylicum (Lee et al., 1985). Its optimal temperature is slightly higher 
than the 50°C optimal temperature of the C. acetobutylicum EG from an unknown GH family 
studied by Zappe et al. (1986), and is much lower than the 70°C optimal temperature of C. 
thermocellum GH44 EG (Ahsan et al., 1997b). Although the activation energy of thermo-
inactivation was not determined for the latter enzyme, it is stable for 10 min up to 80°C, 
whereas C. acetobutylicum EG is stable for <2 min at 60°C. 
The causes of high enzyme thermostability include a more charged surface, higher 
aliphaticity, and higher hydrophobicity (Haney et al., 1999). C. thermocellum EG has a 
higher aliphatic index than C. acetobutylicum EG with the His-tag attached, 73.2 vs. 61.5, 
calculated by ProtParam (Gasteiger et al., 2003). It also has a less negative grand average of 
hydrophobicity (GRAVY) score (Kyte et al., 1982) than C. acetobutylicum EG, –0.495 vs.    
–0.683, meaning that it is more hydrophobic. Furthermore, it has a more acidic surface, 
which potentially would be more charged. Thus the difference in thermostability of these two 
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enzymes agrees with previous work correlating differences in structural features of 
thermophiles and mesophiles to thermostability. 
The activity of the purified C. acetobutylicum cellulosome against CMC, 0.115 U/mg 
(Sabathe et al., 2002), is about 0.6% the activity of GH44 C. acetobutylicum EG against 
CMC, 18.9 s–1 (Table 3) or 20.0 U/mg, these values measured at a lower temperature and pH. 
C. acetobutylicum ATCC 824 Cel9G, a GH9 EG, whose encoding gene was found in the 
same cellulosomal gene cluster as the gene encoding the GH44 EG studied here (Nolling et 
al., 2001), has a specific activity of 7.4 U/mg against CMC (Lopez-Contreras et al., 2003). 
The experiments were conducted at different pHs, and the cellulosome does contain non-
catalytic proteins, which may contribute to some of its lower observed activity, since activity 
is based upon mass instead of molarity. However, the synergistic increase in activity of a 
cellulosome due to the proximity effect should offset much or all of a decrease in activity due 
to non-catalytic proteins. Another likely contributing factor was use of cellobiose as the 
carbon source to produce the C. acetobutylicum cellulosome by Sabathé et al. (2002), as they 
were unable to grow the organism on cellulose. Other cellulosomes have higher cellulase 
activity when the production organism was grown on cellulose (Bayer et al., 1985; Lamed et 
al., 1985; Bhat et al., 1993). This effect is likely due to a difference in cellulosome enzymatic 
composition caused by a different carbon source. 
The dramatically higher activities of C. acetobutylicum Cel9G and GH44 EGs against 
CMC compared to that of its cellulosome would suggest that these enzymes were absent in 
the cellulosome when its activity was characterized. However, two bands on an SDS-PAGE 
gel of the cellulosome components, not identified by N-terminal sequencing (Sabathe et al., 
2002), are the correct molecular weights of C. acetobutylicum GH44 EG, 66 kDa, and 
Cel9G, 76 kDa. Furthermore, the genes encoding these proteins, CAC0915 and CAC0916, 
are both present in the cellulosomal gene cluster, and CAC0915 is the only gene in the cluster 
that produces a protein with a molecular weight between 60 and 76 kDa. It is therefore likely 
that both enzymes were incorporated into the cellulosome. Thus the difference in CMCase 
activity is not due to the absence of these two EGs from the cellulosome, and the difference 
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in reaction conditions, substrate source, and/or enzymatic composition of the cellulosome 
seem to be incomplete explanations for the discrepancy in activities. The fact that the 
recombinant forms of these two EGs are so much more active on CMC than the cellulosome 
in which they are normally found suggests that the latter might be engineered to yield higher 
activities, or that different conditions may activate it. The other possibility is the cellulosome 
components in the Sabathé et al. study (2002) were improperly folded. 
In conclusion, GH44 C. acetobutylicum EG has been produced, purified, and character-
ized, and its crystal structure has been solved. This is the first experimental work ever repor-
ted on this enzyme from this source. It is phylogenetically similar to other EGs produced by 
Clostridium species (Fig. 3) although, despite close similarity in amino acid sequences and 
crystal structures, differences in relative activity, pH and temperature optima, and thermo-
stability have still occurred. It is active on cellotetraose and longer cellooligosaccharides, 
soluble cellulose, xylan, and lichenan, and slightly active on crystalline cellulose. 
Acknowledgments 
The authors gratefully acknowledge the financial support of the U.S. Department of 
Agriculture through the Biotechnology Byproducts Consortium and through the National 
Research Initiative of the USDA Cooperative State Research, Education and Extension 
Service, grant number 2007-35504-18252. The Iowa State University Macromolecular X-ray 
Crystallography Facility is supported by the Office of Biotechnology, the College of Agri-
culture and Life Sciences, the College of Liberal Arts and Sciences, and the Plant Sciences 
Institute. The authors thank the chemical engineering undergraduates Theresa Russo, Paul 
Low, Christopher Setina, and Waddah Moghram for their help during this project, and they 
thank Erica Fuchs for her outstanding work in keeping the laboratory functioning. 
The atomic coordinates and structure factors of this enzyme have been deposited in the 
Protein Data Bank, Research Collaboratory for Structural Bioinformatics (http://www.rcsb. 
org/) with the designation 3ik2.  
 
 
38 
Chapter 4. Kinetic Characterization of a Glycoside Hydrolase Family 44 
Endoglucanase from Ruminococcus flavefaciens FD-1 
A paper submitted to Enzyme and Microbial Technology 
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Peter J. Reilly 1,* 
Abstract 
Two forms of Ruminococcus flavefaciens FD-1 endoglucanase B, a member of glycoside 
hydrolase family 44, one with only its catalytic domain and the other with its catalytic 
domain and carbohydrate binding domain (CBM), were produced. Both forms hydrolyze 
cellotetraose, cellopentaose, cellohexaose, carboxymethylcellulose (CMC), birchwood and 
larchwood xylan, lichenan, and Avicel, but not cellobiose, cellotriose, mannan, or pullulan. 
Addition of the CBM increases catalytic efficiencies on both CMC and birchwood xylan. 
Hydrolysis rates increase with increasing cellooligosaccharide chain length, with cello-
pentaose and cellohexaose being hydrolyzed faster by the catalytic domain than by the 
catalytic domain fused to the CBM. Cellotetraose hydrolysis yields only cellotriose and 
glucose. Hydrolysis of cellopentaose gives large amounts of cellotetraose and glucose, 
somewhat more of the former than of the latter, and much smaller amounts of cellobiose and 
cellotriose. Cellohexaose hydrolysis yields much more cellotetraose than cellobiose and 
small amounts of glucose and cellotriose, along with a low and transient amount of 
cellopentaose. 
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Introduction 
Ruminococcus flavefaciens is a ruminant bacterium highly active on plant cell walls. Two 
of its strains, R. flavefaciens 17 and R. flavefaciens FD-1, have been extensively studied 
(Doerner et al., 1990; Doerner et al., 1992; Flint et al., 1993; Vercoe et al., 1995). Both R. 
flavefaciens strains produce cellulosomes, extracellular multi-protein complexes anchored to 
their cell membranes that break down cellulose and hemicelluloses. R. flavefaciens FD-1 has 
the largest number of hemicellulases and cellulases found in a cellulosome (Berg Miller et 
al., 2009). Two common features of the cellulosomes produced by each strain are the large 
number of different proteins, including hydrolases, cohesins, dockerins, and scaffoldins, 
incorporated into them and, unlike many cellulosome structures, the lack of carbohydrate 
binding modules (CBMs) attached to their scaffoldin domains. The latter factor makes the 
association of CBMs with catalytic domains (CDs) functionally necessary so that the 
cellulosomes can digest insoluble polysaccharides (Ding et al., 2001; Rincon et al., 2003; 
Bayer et al., 2004; Rincon et al., 2004; Jindou et al., 2006; Bayer et al., 2008). 
R. flavefaciens FD-1 endoglucanase B (CelB) and R. flavefaciens 17 cellulase (EndB) are 
enzymatic components of cellulosomes. The CDs of these two endoglucanases (EGs) are 
members of glycoside hydrolase family 44 (GH44), found in the CAZy database (Cantarel et 
al., 2009b). Both EGs have CDs that, like all GH44 CDs, are composed of a large number of 
subsites, each holding one carbohydrate residue. The subsites are numbered from negative to 
positive, starting with the nonreducing end of the bound substrate, with subsites –1 and +1 
being on either side of the cleavage point. Both CDs are attached to CBMs that form a novel 
family (Rincon et al., 2001). 
With one exception, GH44 enzymes are produced by prokaroytes, both aerobic and 
anaerobic. GH44 is currently composed of 34 amino acid sequences. These sequences are 
often combined with other GHs or CBMs to form modular proteins.  
Only eight GH44 members have been kinetically explored, yielding a large range of 
activities and optimal reaction temperatures. 
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A Caldocellulosiruptor saccharolyticus GH44 EG attacks carboxymethylcellulose 
(CMC) (0.0026 U), birchwood xylan (0.000542 U) and oat spelt xylan (0.0013 U). The 
presence of two CBMs attached to the N-terminus of the CD greatly increases activity on all 
three (0.18 U, 0.043 U, and, 0.151 U, respectively) (Frangos et al., 1999). Addition of the 
CBMs to the CD decreases the KM for CMC from 0.5 g/L to 0.35 g/L and increases the KM 
for birchwood xylan from 0.078 g/L to 0.34 g/L. No change was observed for the KM, 0.12 
g/L, on oat spelt xylan by adding the CBMs. The optimal temperature for activity is 80 °C 
and the optimal pH is 6.0. 
Clostridium thermocellum GH44 EG is active on CMC (140 U/mg), Avicel (0.13 U/mg), 
and oat spelt xylan (53 U/mg) (Ahsan et al., 1997a). Its KM on CMC is 2.6 g/L and that on 
oat spelt xylan is 4 g/L. The optimal temperature for activity is 70°C and the optimal pH is 
6.5. 
Clostridium acetobutylicum GH44 EG is active on CMC, birchwood xylan, and larch-
wood xylan, with kcat values of 18.9, 31.6, and 29.5 s–1, respectively (Warner et al., 2010a). It 
has the lowest KM value on CMC, followed by those on larchwood xylan and birchwood 
xylan (0.263 g/L, 0.278 g/L, and 0.412 g/L, respectively). It is optimally active at pH 5.0 and 
55°C. 
Of the four sequenced Paenibacillus GH44 enzymes, that from P. lautus is active in 
decreasing order on lichenan (6.9 U/mg), CMC (2.4 U/mg), and acid-swollen cellulose 
(ASC, 0.09 U/mg). Addition of its CBM to the C-terminus has no significant effect on its 
activity on CMC (2.2 U/mg) or lichenan (7.3 U/mg), but it does increase activity on ASC 
(0.54 U/mg) and Avicel (0.028 U/mg) (Hansen et al., 1992). The two forms are most active 
from pH 5 to 8.5 and are stable up to 60°C (Hansen et al., 1992). A P. polymyxa GH44 
enzyme has highest CMCase (1530 U/mg) and lichenase (1130 U/mg) activity at pH 7 and 
highest oat spelt xylanase (529 U/mg) activity at pH 5, with maximal activities at 50°C for all 
three substrates (Cho et al., 2006). 
The GH44 EG from an uncultured bacterium, CelM2, specific activities on barley glucan 
(121,000 U/mg), CMC (105,000 U/mg), birchwood xylan (51,700 U/mg), oat spelt xylan 
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(20,200 U/mg), PNP-cellobioside (160 U/mg), and PNP-xyloside (700 U/mg) (Kim et al., 
2008). The optimal temperature of this enzyme for activity is 45°C and its optimal pH is 4.0. 
EndB from R. flavefaciens 17 is active on CMC (0.0025 U/mg) and lichenan (0.00097 
U/mg), but not on mannan, ASC, Avicel, or PNP-β-cellobioside (Rincon et al., 2001). 
The GH44 EG in this paper, CelB from R. flavefaciens FD-1, has been partially studied 
(Doerner et al., 1990); it is active on CMC (10 U/mg), oat spelt xylan (3.5 U/mg), and [14C] 
cellulose (0.0036 U/mg). Temperature and pH optima for CelB have not been published. 
These experimental results indicate that GH44 enzymes exclusively cleave β-1,4 glyco-
sidic bonds between glucosyl and xylosyl residues, and that they have varying abilities to 
attack xylan, lichenan, and different cellulose forms. Due to the lack of experimentation, 
little is known of the impact of CBMs on the activities or binding affinities of GH44 EGs. 
The CBM attached to CelB is unstudied. The other member of the novel CBM family, the 
150-residue CBM on the EndB C-terminus, binds Avicel but is otherwise relatively unstud-
ied (Rincon et al., 2001). Some activity data on CMC and lichenan have been reported for a 
single 87-kDa EndB band, and some activities have been estimated for CelB components 
(five bands of different molecular weights) on CMC and oat spelt xylan (Doerner et al., 
1990). However, no Michaelis-Menten parameters are known for a single CelB band, and no 
studies have been conducted on the effect of the CBM on activities of either CelB or EndB. 
This article will present both the impact of the CBM on Michaelis-Menten kinetic param-
eters of the CelB CD and its effect on product formation. 
Materials and Methods 
Gene sequencing and construction 
The R. flavefaciens FD-1 gene, celB, encoding CelB was cloned into the pBluescript 
plasmid, pBAW101, by Vercoe et al. (1995). Dr. Bryan A. White of the University of Illinois 
at Urbana-Champaign kindly donated an Escherichia coli XL1-Blue clone with the plasmid 
to us. Sequencing of the vector at the Iowa State University DNA Facility to confirm the celB 
sequence uncovered a frameshift error, giving a sequence that conflicted with that previously 
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published for celB (Vercoe et al., 1995). The recently published correct sequence codes for a 
protein containing the CelB CD, a CBM similar to that in R. flavefaciens 17 EndB, and a 
dockerin domain (Berg Miller et al., 2009). A description of the sequencing work I per-
formed to correct the celB sequence is in Appendix 2. 
The pBAW101 plasmid was used to amplify a gene fragment using the polymerase chain 
reaction with Taq polymerase encoding the CelB CD and CBM (forward primer 5’-AATAC 
ATATGGCAGGAGGTTTTGATATG-3’, reverse primer 5’- TCTCCTCGAGCTACTGC 
GGCTCATCAC-3’). The product was cloned into pGEM-T Easy vectors (Promega, Mad-
ison, WI) and sequenced at the Iowa State University DNA Facility. The gene fragment was 
then ligated into the NdeI site of pET-14b (Novagen, San Diego, CA) and transformed into 
E. coli BL21 (DE3) (Novagen). Strategene’s (San Diego, CA) QuikChange II site-directed 
mutagenesis kit was used to insert a stop codon to remove the CBM from the CelB CD 
(forward primer 5’-GGTAACCGAGAAGACTGAGTAATTCAAGGATCCTTCTTC-3’, 
reverse primer 5’-GAAGAAGGATCCTTGAATTACTCAGTCTTCTCGGTTACC-3’). The 
mutated plasmids were transformed into E. coli XL1-Blue and sequenced to confirm the 
mutated DNA sequence. The plasmid was then transformed into E. coli BL21 (DE3) using 
electroporation. This resulted in two clones, one coding for the isolated CD and the other 
coding for the CD and CBM (CD/CBM). 
Protein production and purification 
An overnight culture was grown in 50-mL LB medium (Bertani, 1951) supplemented 
with 50 mg/L carbenicillin at 37 °C with 250 rpm shaking. The overnight culture was added 
to an auto-induction medium (0.05% glucose, 0.5% glycerol, 0.2% lactose, 1.2% tryptone, 
2.4% yeast extract, 25 mM succinate, 5 µM Fe2(SO4)3, 19 mM KH2PO4, 45 mM K2HPO4, 2 
mM MgSO4, and 45 mM NaH2PO4) (Studier, 2005), supplemented with 50 mg/L carbenicil-
lin. A concentrated, sterilized phosphate buffer solution listed in the auto-induction recipe 
was added to the other media components to bring the pH to 7. The resulting suspension was 
cultured at 25 °C with 250 rpm shaking for approximately 36 h. 
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The cells were harvested by centrifugation at 8,000 x g for 10 min and resuspended in 5–
20 mL nickel–nitrilotriacetic acid (Ni–NTA) binding buffer (25 mM HEPES, pH 7.0, 300 
mM NaCl, and 10 mM imidazole). They were lysed four successive times in an SLM Amin-
co (Rochester, NY) French press at 125 MPa. A 15-mL Ni–NTA His•Bind Superflow™ 
(Novagen) column resin was used to purify His-tagged proteins. The column was washed 
with Ni–NTA wash buffer (25 mM HEPES, pH 7.0, 300 mM NaCl, and 20 mM imidazole), 
and the CD or CD/CBM was eluted with Ni–NTA elution buffer (25 mM HEPES, pH 7.0, 
300 mM NaCl, and 250 mM imidazole) (Novagen). A 50-mL Sephadex G–25 (GE 
Healthcare, Piscataway, NJ) column was used to desalt the protein into 50 mM HEPES 
buffer, pH 6.8. The protein was concentrated using an Amicon (Millipore, Billerica, MA) 
stirred-cell ultrafilter with a Millipore Biomax polyethersulfone membrane (5-kDa MWCO) 
and a Vivaspin6 (Sartorius, Elk Grove, IL) polyethersulfone 5-kDa MWCO spin filter at 
8,000 x g. All procedures were conducted at 4 °C. 
Protein concentrations were determined using the Pierce (Rockford, IL) bicinchoninic 
acid assay (Smith et al., 1985) and bovine serum albumin standards. SDS-PAGE gels 
produced by standard procedures recommended by Pierce showed Coomassie Blue bands 
other than the desired ones only when they were strongly overloaded. 
Thin-layer chromatography of carbohydrate hydrolysis products 
The CD or CD/CBM (650 mg/L) was incubated at 25 °C in 0.1 M sodium acetate 
(NaOAc) buffer, pH 5.0, for 16 h with the following substrates: 750 mg/L of the cellooligo-
saccharides [(β-D-glucopyranosyl-(1→4))n-β-D-glucose, n = 1–5] cellobiose (Sigma, St. 
Louis, MO, catalog C-7252), cellotriose (Seikagaku, Tokyo, Japan, 400400-1), cellotetraose 
(Seikagaku, 400402-1), cellopentaose (Seikagaku 400404-1), and cellohexaose (Seikagaku 
400406-1), along with 20 g/L Avicel (microcrystalline cellulose) (Fluka, Buchs, Switzerland, 
11363, lot 430118/1), 20 g/L low-viscosity CMC (cellulose derivatized mainly with 2-O- and 
6-O-linked carboxyl groups, averaging 0.6 to 0.95 groups per glucopyranosyl residue) 
(Sigma C-5678, lot 065K0111), 10 g/L lichenan [(β-D-glucopyranosyl-(1→3,1→4))n-D-
glucose, n = high] (Fisher 155231, lot 9964F), 10 g/L mannan [(β-D-mannopyranosyl-
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(1→4))n-D-mannose, n = high] (Sigma M-7504, lot 44C-1764), 20 g/L pullulan [(α-malto-
triosyl-(1→6)-α-maltotriosyl)n-D-glucose, n = high] (TCI America, Portland, OR, P0978, lot 
GA01), and 20 g/L xylan (β-D-xylopyranosyl-(1→4))n-β-D-xylose, n = high, with significant 
branching initiated and terminated by other sugar residues) from birchwood (Sigma X-0502, 
lot 129H0901) or larchwood (Sigma X-3875, lot 125C-00582). The hydrolysis products were 
analyzed by thin-layer chromatography. A 60-Å silica gel plate (Whatman, Florham Park, 
NJ) was spotted with hydrolyzate and developed using a single ascent of acetonitrile/ethyl 
acetate/1-propanol/water (1.7:0.4:1:1) mobile phase (Han et al., 1998). The plate was dipped 
into a 5% (w/v) H2SO4, 0.5% (w/v) naphthol solution in ethanol and incubated at 95 °C until 
the carbohydrate spots developed color. 
Capillary electrophoresis of carbohydrate hydrolysis products 
The CD or CD/CBM (2.24 µM) was incubated with 3.2 g/L solutions of cellotetraose, 
cellopentaose, or cellohexaose in 0.1 M NaOAc buffer, pH 5.0, at 25 °C while mixing. 
Samples of 5–10 µL were taken at varying intervals for up to about 10 h. Each sample was 
denatured for 2 min at >90 °C and then lyophilized. The lyophilized samples were resus-
pended in 2 µL of 1 M sodium cyanoborohydride in tetrahydrofuran and 2 µL of 20 mM 8-
aminopyrene-1,3,6-trisulfonic acid trisodium salt (APTS) in 15% v/v acetic acid. The 
derivatization mixtures were incubated for 2 h at 55 °C and then resuspended in 96 µL of 
distilled, deionized water. Samples were further diluted so their peak areas were in the linear 
range established by the calibration curves of glucose, cellobiose, cellotriose, cellotetraose, 
cellopentaose, and cellohexaose. Aliquots of 100 µL of diluted samples were placed in the 
trays of a Beckman (Beckman Coulter, Fullerton, CA) P/ACE capillary electrophoresis 
instrument in the Iowa State University W.M. Keck Metabolomics Research Laboratory. 
Three to five µL was taken from a sample and injected for 3–5 s at 0.034 bar on an uncoated 
capillary. Separation took place at 23.5 kV using Beckman Carbohydrate Gel Buffer N 
(Dinges et al., 2003). Peaks on the resulting chromatographs were assigned to the appropriate 
cellooligosaccharide based on retention time and then integrated to determine the area under 
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the curve. This area was used to quantify cellooligosaccharide concentration in the initial 
sample based upon the generated calibration curves and dilution factors. 
 Assays for enzyme activity 
Values of kcat and KM for hydrolysis of CMC and birchwood xylan by the CD or 
CD/CBM were determined by using the tetrazolium blue assay (Jue et al., 1985) to measure 
reducing sugar production. Typical reaction conditions consisted of incubating enzyme (1.7 
mg/L) with 0.025–10 g/L substrate in 0.1 M NaOAc buffer, pH 5.0, at 25 °C. Samples were 
taken at 2- to 5-min time intervals. Each sample was placed in a boiling water bath to quench 
the reaction. Then 4 mL of reagent (0.1% (w/v) tetrazolium blue, 0.05 M NaOH, and 0.5 M 
sodium potassium tartrate) was added to each sample, and all samples, standards, and con-
trols were placed in a 90 °C water bath for 5 min to develop reagent color (Jue et al., 1985). 
A glucose standard curve was used to determine reducing sugar. Specific activity for each 
substrate concentration was determined by a linear regression of the reducing sugar concen-
tration liberated versus incubation time and dividing the slope by the mass of protein in the 
sample. Enzyme units are defined as µmol glucose liberated/min under the assay conditions. 
A plot of specific activity versus substrate concentration was generated for each substrate, 
and kinetic coefficients were obtained after nonlinear regression. 
Results and Discussion 
Carbohydrate hydrolysis products 
Thin-layer chromatography shows that the CD and CD/CBM both attack cellotetraose, 
cellopentaose, and cellohexaose, but not cellobiose and cellotriose (Fig. 7A and 7C). 
Cellotetraose and cellopentaose hydrolyses yielded mainly cellotriose and glucose. Cello-
hexaose hydrolysis yielded cellotriose, cellobiose, and glucose, larger products presumably 
being completely hydrolyzed because of the long incubation times and high enzyme con-
centrations used here. 
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The CD and CD/CBM were both active on CMC, birchwood xylan, larchwood xylan, 
Avicel, and lichenan (Fig. 7B and 7D). No activity was observed on mannan or pullulan (data 
not shown). CMC was digested into mono-, di-, tri-, and pentasaccharides by the CD, while 
some tetrasaccharides are present in the CD/CBM digest. Birchwood xylan was hydrolyzed 
to mono-, tri-, tetra-, and pentasaccharides by the CD and CD/CBM. Larchwood xylan was 
digested into mono-, di-, tri-, and tetrasaccharides by both CD and CD/CBM. The CD 
produced some tetrasaccharides from Avicel and lichenan, while the CD/CBM gave some 
trisaccharides. 
The results from the capillary electrophoresis analysis are consistent with the results of 
the TLC analysis of cellooligosaccharide digestions. Digestion of cellotetraose by both the 
CD and CD/CBM was relatively slow and yielded cellotriose and glucose (Figs. 8A and 8A). 
CD/CBM produced somewhat more glucose than cellotriose, while the opposite occurred 
with the CD. In neither case did cellobiose appear. 
Figure 7: Thin-layer chromatographs of hydrolysis products from incubations of 650 mg/L CD with 750 mg/L 
cellooligosaccharides or 10–20 g/L polysaccharides in 0.1 M NaOAc buffer, pH 5.0, at 25 °C for 16 h. (A) Left-
hand lane: glucose, cellobiose, cellotriose, cellotetraose, cellopentaose, and cellohexaose standards (top to bot-
tom). Lanes 2 to 11: cellobiose control (no enzyme), cellobiose incubation (with enzyme), cellotriose control, 
cellotriose incubation, cellotetraose control, cellotetraose incubation, cellopentaose control, cellopentaose 
incubation, cellohexaose control, cellohexaose incubation. (B) Left-hand lane: glucose, cellobiose, cellotriose, 
cellotetraose, cellopentaose, and cellohexaose standards (top to bottom). Lanes 2 to 11: CMC control (no 
enzyme), CMC incubation (with enzyme), birchwood xylan control, birchwood xylan incubation, larchwood 
xylan control, larchwood xylan incubation, Avicel control, Avicel incubation, lichenan control, and lichenan 
incubation. C) Same as A but using the CD and CBM construct. D) Same as B but using the CD and CBM 
construct. 
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Figure 8: Capillary electrophoresis of digests of 2.24 µM CD at 25 °C with 3.2 g/L of (A) 
cellotetraose, (B) cellopentaose, or (C) cellohexaose. Products are glucose (●), cellobiose (○), 
cellotriose (▼), cellotetraose (△), cellopentaose (■), and cellohexaose (□). 
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Figure 9: Capillary electrophoresis of digests of 2.24 µM CD and CBM at 25 °C with 3.2 g/L of (A) 
cellotetraose, (B) cellopentaose, or (C) cellohexaose. Products are glucose (●), cellobiose (○), cellotriose 
(▼), cellotetraose (△), cellopentaose (■), and cellohexaose (□). 
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Incubation of cellopentaose by CD and CD/CBM yielded similar results; however, the 
former attacked cellopentaose faster (Figs. 8B and 9B). The primary products of cellopenta-
ose digestion by either CD or CD/CBM were cellotetraose and glucose, with cellotriose 
produced in somewhat higher but still minor amounts than cellobiose. Cellopentaose was 
completely cleaved by both constructs. Cellotetraose accumulated in slightly higher molar 
concentrations than glucose after sufficiently long incubations of cellopentaose, differing 
from the expected equimolar concentrations. The relative concentrations of cellotetraose and 
glucose persisted until all the cellopentaose disappeared, after which cellotetraose concen-
tration slowly decreased. 
Initially cellohexaose was digested to cellotetraose and cellobiose, although some cello-
pentaose, cellotriose, and glucose was produced as well (Figs. 8C and 9C). In fact, cello-
hexaose was almost completely digested by the CD within the first 8.5 min. Cellopentaose 
concentration quickly reached a peak value and then decreased, as it became the primary 
substrate. Both cellohexaose and cellopentaose were completely consumed. Cellotetraose 
accumulated to a higher concentration than cellobiose, again differing from the expected 
equimolar concentrations. Glucose and cellotriose were present in equimolar but low 
amounts throughout the incubation using the CD/CBM construct. A slight excess of glucose 
relative to cellotriose was observed during digestion by the CD. 
The CD digested both cellopentaose and cellohexaose at higher rates than did the 
CD/CBM, even though the reacting solutions were identical in enzyme, initial substrate, and 
buffer concentrations and in temperature. This is surprising, since the presence of the CBM 
would not be expected to affect reaction rates on such small substrates. One possible 
explanation is that cellopentaose and cellohexaose were bound by the CBM and part of the 
CD active site without spanning the latter’s –1 and +1 subsites, thus competing with normal 
productive substrate binding by the CD and decreasing their reaction rates. If this is the case, 
then CD/CBM activity can still be higher than CD activity on longer soluble substrates such 
as CMC and xylan that easily span the CBM and the CD –1 and +1 subsites. 
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Hydrolysis of cellotetraose into cellotriose and glucose rather than into cellobiose 
indicates that the active site binds most cellotetraose molecules asymmetrically around the 
cleavage point. The CelB binding site is probably similar to that of C. thermocellum CelJ 
(Kitago et al., 2007), whose reducing-side subsite +2 lacks an amino acid residue to interact 
with cellotetraose, leaving subsites –3 to +1 to preferentially bind it. Similar asymmetrical 
production of cellotetraose and glucose rather than cellotriose and cellobiose from cellopen-
taose, as well as production of cellotetraose and cellobiose instead of cellotriose from 
cellohexaose, suggests the same preferential binding by nonreducing-side subsites. We 
observed similar asymmetrical hydrolysis of cellooligosaccharides by C. acetobutylicum 
GH44 EG (Warner et al., 2010). 
The most surprising results from this work are the disproportional concentrations of 
cellotetraose and cellobiose produced from cellohexaose and those of cellotetraose and 
glucose produced from cellopentaose (Figs. 8 and 9), instead of the expected equimolar 
concentrations. The overabundance of cellotetraose suggests that one or more intermediate 
reactions, such as glycosyl transfer or dismutation reactions, took place. However, ten 
incubations of various cellooligosaccharide mixtures (total concentrations of 30 mM) with 
the CD and the CD/CBM yielded no intermediate products observable by TLC (data not 
shown). We have also measured disproportionally high concentations of cellotetraose when 
C. acetobutylicum GH44 EG hydrolyzed cellohexaose and cellopentaose (data not shown). 
Evidence of disproportionation of reaction products was observed during digests of 
cellotriose by Trichoderma reesei EG I (Biely et al., 1991). At high initial concentrations of 
[1-3H]cellotriose, 1.35 mol of [3H]cellobiose accumulated for every mol of [3H]glucose. This 
ratio is similar to those observed in Figs. 8 and 9 for cellotetraose to cellobiose and cellotet-
raose to glucose. Addition of glucosyl and xylosyl residues derived from 4-methylumbelli-
feryl β-D-glucoside and 4-methylumbelliferyl β-D-xyloside into cellooligosaccharide hetero-
polymers by T. reesei EG I is evidence that transfer reactions can be catalyzed by EGs 
(Claeyssens et al., 1990; Biely et al., 1991). However, none of the proposed reaction 
mechanisms by Biely et al. (1991) (condensation or glucosyl transfer) predicted the observed 
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ratio of [3H]cellobiose to [3H]glucose. Furthermore, no transfer reaction intermediates were 
observed in the studies of T. reesei EG I by Biely et al. (1991) or Claeyssens et al. (1990), 
although small amounts of [3H]cellotetraose were observed during incubations of the EG I 
with [1-3H]cellotriose. Therefore it is possible that some similar, unexplained transfer 
reaction is taking place in the CelB digests of cellopentaose and cellohexaose with one or 
more short-lived and unobserved intermediates. 
Enzyme kinetic properties 
Figs. 10 and 11 show how enzyme activities on CMC and birchwood xylan increase with 
increasing substrate concentrations, leading to the kinetic values in Table 4. The CMC data 
were fitted with the Michaelis–Menten equation only, while the birchwood xylan data were 
fitted with both the Michaelis–Menten equation and a substrate inhibition equation: 
  
v = kcatE0SKM + S 1+ S /K I( )
 
Both the CD and CD/CBM have higher kcat values on CMC than on birchwood xylan 
(Table 4). Adding the CBM to the CD increases the kcat value on CMC fivefold, while CBM  
 
 
 
 
 
 
 
 
 
 
 
 Figure 10: CMCase activity in 0.1 M NaOAc buffer, pH 5.0, at 25 °C with various initial CMC concentrations 
and either the CD (●) or CD/CBM (■). The data were fitted to the Michaelis-Menten equation. 
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addition has little effect on the kcat value on birchwood xylan. Addition of the CBM decreases 
KM for birchwood xylan but increases it for CMC. The catalytic efficiencies, kcat/KM, on both 
substrates increase upon CBM addition. The substrate inhibition equation fits the birchwood 
xylan data better than does the Michaelis-Menten equation (Fig. 11), although standard errors 
on kcat and KM increase. 
In earlier work, we found that data obtained when larchwood xylan was incubated with 
C. acetobutylicum GH44 EG was fitted better with a substrate inhibition equation (Warner et 
al., 2010). Fits of the Michaelis-Menten and substrate inhibition equations to birchwood 
xylan data were inconclusive. 
The decrease of KM on xylan and increase of KM on CMC upon addition of the CBM to 
the CD (Table 4) suggests that the CBM has a higher affinity for birchwood xylan than for 
CMC. Considering KM values on a molar basis casts perhaps a truer light on the issue. Xylan 
has a degree of polymerization from 50 to 200 (Rapp et al., 1986) leading to estimated 
molecular masses from 6.6 kDa to 26.4 kDa, compared to the 90 kDa molecular mass of the 
Figure 11: Xylanase activity in 0.1 M NaOAc buffer, pH 5.0, at 25 °C with various initial birchwood xylan 
concentrations and either the CD (●) or CD/CBM (■). The data were fitted to the Michaelis-Menten equation 
CD (• –) or CD/CBM (–) and to the substrate inhibition equation CD (—) or CD/CBM (— —). 
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Table 4: Kinetic constants of R. flavefaciens GH44 endoglucanase on different substrates in 
0.1 M NaOAc buffer at pH 5.0 and 25 °C. 
Construct Substrate kcat (s–1) KM (g/L) KI (g/L) kcat/KM (L/g-s) 
CD CMC 19.4 ± 1.4 a 2.36 ± 0.64 — 8.2 
CD Birchwood xylan 8.2 ± 0.5 1.68 ± 0.34 — 4.9 
CD Birchwood xylan 14.9 ± 3.9 4.05 ± 1.51 12.9 ± 7.2 3.7 
CD/CBM CMC 101 ± 8.8 8.20 ± 1.66 — 12.3 
CD/CBM Birchwood xylan 12.1 ± 0.4 0.77 ± 0.13 — 15.7 
CD/CBM Birchwood xylan 14.9 ± 1.0 1.13 ± 0.18 50.9 ± 17.3 13.2 
low-viscosity CMC used here. This gives molar KM values of the CD for binding xylan of 6.1 
x 10–4 M to 6.4 x 10–5 M and for the CD/CBM of 1.7 x 10–4 M to 2.9 x 10–5 M, depending on 
the equation used to obtain parameter values. The equivalent values for CMC are 2.6 x 10–5 
M for the CD and 9.1 x 10–5 M for the CD/CBM. Therefore the CD has a much lower KM for 
CMC on a molar basis than it has for birchwood xylan. However, addition of the CBM to the 
CD yields molar KM values for birchwood xylan that range from one-third the value for CMC 
to twice as large. 
The vmax values observed for the CD/CBM on xylan and CMC are higher than previously 
reported by Doerner et al. (1990) for this enzyme by factors of 2.7 and 7.8, respectively. The 
latter used a higher pH (6.8 instead of 5.0), a higher temperature (39°C instead of 25°C), the 
same CMC but oat spelt xylan instead of birchwood xylan, and a less pure enzyme. 
Overall the activity of our CD/CBM fusion protein appears comparable to other GH44 
members despite different reaction conditions (Hansen et al., 1992; Ahsan et al., 1997a; 
Warner et al., 2010a), but it has much higher activity than observed for the GH44 domain of 
C. saccharolyticus ManA (Frangos et al., 1999). Two GH44 members have much higher 
activities than those of the rest of the family. Cel44C–Man26 and its truncated forms 
produced by P. polymyxa GS01 (Cho et al., 2006, 2008) have activities 10-fold to 20-fold 
higher than that of our CD/CBM on CMC. Also, CelM2 produced by an uncultured bacter-
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ium (Kim et al., 2008) has activities 1360-fold higher than our CD/CBM on CMC. If this 
value is correct, CelM2 would be among the most active EGs studied. 
Conclusions 
The impact of a novel CBM on CelB activity was quantified and its reaction products 
were analyzed. The catalytic efficiency of the EG on both CMC and birchwood xylan 
increased with the addition of the CBM to the CD. The modular enzyme was active on 
cellotetraose, cellopentaose, cellohexaose, CMC, birchwood xylan, larchwood xylan, lich-
enan, and Avicel. Activity increased with increasing cellooligosaccharide chain length, as is 
typical of EGs. Most interestingly, hydrolysis of cellohexaose yields more cellotetraose than 
cellobiose, while cellopentaose hydrolysis gives more cellotetraose than glucose, indicating 
that hydrolysis of short cellooligosaccharides involves intermediate condensation or glucosyl 
transfer reactions. 
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Chapter 5. Kinetics and Modeling of Disproportionation Reactions 
Catalyzed by Glycoside Hydrolase Family 44 Endoglucanases from 
Clostridium acetobutylicum and Ruminococcus flavefaciens 
Christopher D. Warner6, Clark Ford7, Peter J. Reilly1* 
To be submitted to Biotechnology and Bioengineering 
Abstract 
Cellotetraose, cellopentaose, and cellohexaose were separately incubated with a glyco-
side hydrolase family 44 endoglucanase from Clostridium acetobutylicum, and the resulting 
reactant and product concentrations were obtained by capillary electrophoresis chromatog-
raphy. Cellotetraose was slowly converted to more cellotriose than glucose, with no cello-
biose being formed and with most of the cellotetraose remaining at long incubation times. 
Cellopentaose was hydrolyzed more quickly to cellotetraose, cellobiose, cellotriose, and 
glucose, in order of near-equilibrium concentrations, with a very small amount of cellopen-
taose remaining. Cellohexaose was even more quickly converted to cellotetraose, cellobiose, 
cellopentaose, cellotriose, and glucose, with the cellopentaose concentration decreasing after 
reaching a peak. No cellohexaose remained after a short time. A kinetic model, including 
both hydrolysis and transglycosylation, was formulated based on these results and on prev-
iously-reported results from a Ruminococcus flavefaciens family 44 endoglucanase. The 
model fit the C. acetobutylicum endoglucanase data well for digestions of cellotetraose, 
cellopentaose, and cellohexaose, while agreeing with the absence of observed transglycosyl-
ation products in the capillary electrophoresis chromatographs due to product insolubility or 
concentrations near or below the detection limit. Lastly, the model fit the cellotetraose and 
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cellopentaose digestion data obtained for R. flavefaciens endoglucanase. The cellohexaose 
digests for this enzyme lacked data in the regions of rapidly changing cellooligosaccharide 
concentrations and were poorly fit by the model. 
Introduction 
Thirteen different glycoside hydrolase (GH) enzyme families, separated by amino acid 
sequence, have members that hydrolyze cellulose and cellooligosaccharides as small as cello-
biose (Cantarel et al., 2009b). Among these is GH family 44 (GH44), a small collection of 
enzymes with similar sequences, presumably all endoglucanases (EGs) and produced almost 
exclusively by bacteria. They appear to have been derived from a common ancestral protein 
and therefore to have the same hydrolytic mechanism (retention of the anomeric configurat-
ion) and much the same tertiary structure. 
As noted earlier (Warner et al., 2010a), various GH44 members hydrolyze carboxymeth-
ylcellulose (CMC), acid-swollen cellulose, Avicel, xylan, and lichenan, but neither short 
oligosaccharides nor substrates lacking β-1,4-glycosidic bonds between glucosyl or xylosyl 
residues. They employ a retaining mechanism, where anomeric configuration of the newly 
formed hydroxyl group is retained after a double-displacement reaction (Kitago et al., 2007). 
Three crystal structures of GH44 members are now available (Kitago et al., 2007; Nam et 
al., 2009; Warner et al., 2010a). They show a protein of three domains, with the chain begin-
ning and terminating in an anti-parallel β-sheet and continuing in a TIM-like (β,α)8 barrel, 
with a third small domain inserted in the (β,α)8 barrel. A long cleft is found on the surface of 
the (β,α)8 barrel, capable of holding a chain of nine pyranosyl residues. Four residues to the 
nonreducing side of the chain can be bound by subsites –4 to –1 and five residues ending 
with the reducing residue can be bound by subsites +1 to +5, with the catalytic site located 
between subsites –1 and +1 (Kitago et al., 2007). Following Koshland’s (1953) concept of 
the retaining mechanism, the catalytic proton donor/base in Clostridium thermocellum GH44 
EG is Glu186 and the catalytic nucleophile is Glu359. The pyranosyl residue bound by 
subsite –1 is found in the boat conformation (Kitago et al., 2007). 
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The previously unobserved GH44 EG from Clostridium acetobutylicum was partially 
characterized by Warner et al. (2010a) after the gene coding for it was synthesized and used 
to transform Escherichia coli. It has a catalytic domain (CD) only. Thin-layer chromatog-
raphy (TLC) showed that the enzyme hydrolyzes cellotetraose, cellopentaose, cellohexaose, 
CMC, lichenan, xylan, and Avicel (slightly), but not cellobiose, cellotriose, laminaran, 
mannan, and pullulan. Its rate of hydrolysis of birchwood and larchwood xylan is roughly the 
same as that of CMC. Over long incubation periods it converts cellotetraose to cellotriose, 
glucose, and some unreacted cellotetraose in decreasing order of concentration; cellopentaose 
to cellotriose, cellobiose, glucose, and cellotetraose; and cellohexaose to cellotriose, cello-
biose, and glucose. This enzyme has an optimal temperature in a short assay on CMC near 
55°C and an optimal pH of 5. 
Another GH44 EG, CelB produced by Ruminococcus flavefaciens FD-1, shows evidence 
of disproportionation upon incubation with cellotetraose, cellopentaose, and cellohexaose 
(Warner et al., 2010b). Reactions catalyzed by CD of CelB with and without a C-teminal 
carbohydrate-binding module (CBM) were studied by TLC and capillary electrophoresis 
chromatography (CEC). Cellotetraose hydrolysis yields only cellotriose and glucose. 
Digestion of cellopentaose gives large amounts of cellotetraose and glucose, somewhat more 
of the former than of the latter, and much smaller amounts of cellobiose and cellotriose. 
Cellohexaose digestion yields much more cellotetraose than cellobiose and small amounts of 
glucose and cellotriose, along with a low and transient amount of cellopentaose. Similar to C. 
acetobutylicum EG, both the CD and CD/CBM hydrolyze cellotetraose, cellopentaose, 
cellohexaose, carboxymethylcellulose (CMC), birchwood and larchwood xylan, lichenan, 
and Avicel, but not cellobiose, cellotriose, mannan, or pullulan. Presence of the CBM 
increases catalytic efficiencies on both CMC and birchwood xylan. Hydrolysis rates increase 
with increasing cellooligosaccharide chain length, with cellopentaose and cellohexaose being 
hydrolyzed faster by the catalytic domain than by the catalytic domain fused to the CBM. 
Because of the qualitative evidence of unequal concentrations of matched products (for 
instance, more cellotriose than cellobiose from cellopentaose) with C. acetobutylicum EG, 
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along with similar qualitative and quantitative evidence with R. flavefaciens EG, we further 
investigated the action of the former on cellotetraose, cellopentaose, and cellohexaose using 
CEC to quantitatively measure product concentrations. We also formulated a model to des-
cribe the hydrolysis of cellooligosaccharides by both C. acetobutylicum and R. flavefaciens 
EGs. This article is a report of that investigation. 
Materials and Methods 
Protein Production and Purification 
C. acetobutylicum EG with a C-terminal His-tag was expressed by E. coli BL21 (DE3) 
(Novagen) (Warner et al., 2010a) in autoinduction medium at room temperature and 250 rpm 
shaking. Harvested cells were suspended in nickel–nitriloacetate (Ni–NTA) binding buffer 
and lysed. The enzyme was purified to near homogeneity by passage through a Novagen Ni–
NTA His•Bind Superflow™ column eluted with Novagen Ni–NTA elution buffer and 
desalted by passing it through a GE Healthcare Sephadex G-25 column. This is the same 
procedure used earlier to produce and purify this enzyme (Warner et al., 2010a) and is sim-
ilar to the procedure used to produce and purify R. flavefaciens EG (Warner et al., 2010b). 
Cellooligosaccharide Hydrolysis 
Cellooligosaccharide hydrolysis by C. acetobutylicum EG was conducted at 25°C and pH 
5.0 in 0.1 M NaOAc buffer similarly to that by R. flavefaciens EG (Warner et al., 2010b), 
except that 2.14 µM of the former was used rather than 2.24 µM of the latter. CEC of the 
reaction mixtures was conducted as before (Warner et al., 2010b). 
Kinetic Model of Cellooligosaccharide Hydrolysis and Transglycosylation 
A kinetic model incorporating hydrolysis of cellooligosaccharides of DP (degree of 
polymerization) 4 and greater, but also including transglycosylation (a reaction that is 
possible only with the double-displacement retaining mechanism, which is exhibited by 
GH44 EGs) to form cellooligosaccharides larger than DP6, has the following reaction 
scheme: 
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For 4 ≤  n ≤ nf, 1 ≤ i ≤ n – 1, 
 
For 5 ≤ n ≤ nf – 1, 1 ≤ j ≤ nf – n, 
 
 
where nf is the largest celloligosaccharide considered in the model, 9 in this case, and n is the 
DP of the cellooligosaccharide being hydrolyzed or transglycosylated. EHCn and ETCn are the 
enzyme–substrate complexes capable of either hydrolytic or transglycosylation reactions, 
respectively; kn,H, k–n,H, kn,T, and k–n,T are the rate coefficients associated with association and 
dissociation of the enzyme–substrate complexes for either hydrolysis or transglycosylation, 
respectively; and kn,n – i,i,H and kn,j,n + j,T are the rate coefficients for hydrolysis or 
transglycosylation, respectively, where n, n – i, and i are indices of the general form ka,b,c,H, 
which indicate the DP of the cellooligosaccharide binding to the enzyme, a, and the DP of 
the two products of hydrolysis, b and c. Furthermore, n, j, and n + j are indices of the general 
form kd,e,f,T, which indicate the DP of the cellooligosaccharide binding to the enzyme, d, the 
DP of the other cellooligosaccharide participating in the transglycosylation reaction, e, and 
the DP of the product of transglycosylation, f. 
Hydrolytic and transglycosylation reactions were decoupled from each other in the 
model. This was done for two reasons: 1) to force transglycosylation products to dissociate 
from the enzyme, and 2) to stabilize the system of ordinary differential equations (ODEs) for 
optimization of rate coefficients. The first reason is necessary if the enzyme is not processive. 
EGs are not typically processive, so the model should exist in that context until evidence for 
the processivity of GH44 EGs is shown. In this binding scheme the enzyme–substrate 
complex accounts for all binding orientations. Therefore, if a transglycosylation product were 
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allowed to be instantly hydrolyzed, it could form hydrolysis products that would be 
impossible to form from the binding orientation of the transglycosylation product, unless the 
enzyme is processive. For example, a cellooctaose molecule formed by the fusion of 
cellohexaose and cellobiose molecules cannot immediately be hydrolyzed to cellopentaose 
and cellotriose because it would have glucosyl residues bound to hypothetical subsites –6 and 
–5 and real subsites –4 through +2. 
This model uses a simplified method of cellooligosaccharide binding to the enzyme. C. 
acetobutylicum EG (and presumably R. flavefaciens EG) has nine binding subsites, so any 
cellooligosaccharide of DP < 9 can have more than one binding orientation when all its 
residues are bound by subsites. For example, all six glucosyl residues of cellohexaose can be 
productively bound, so that a reaction would occur, by hypothetical subsite –5 and subsites –
4 to +1, and by subsites –4 to +2, –3 to +3, –2 to +4, and –1 to +5. Each binding mode will 
have a unique binding affinity, meaning that there will be preferred binding orientations of 
the cellooligosaccharides. Therefore, the population of binding modes will determine if 
hydrolysis or transglycosylation occurs, as well as the population of each 
cellooligosaccharide product. To treat this explicitly, each binding mode requires its own 
binding reaction with the enzyme to form a unique enzyme–substrate complex. This results 
in a large number of rate coefficients to optimize. 
To reduce the number of rate coefficients, two types of enzyme–substrate complexes are 
proposed that account for all binding orientations, one conducive to hydrolysis (EHCn) and 
one conducive to transglycosylation (ETCn). The ramification of pooling together all possible 
binding modes that can be hydrolyzed into one enzyme–substrate complex for each 
cellooligosaccharide is that the rate coefficients of the hydrolytic step (kn,n – i,i,H) will reflect 
which binding orientations are preferred. This is because it is believed that the rate of 
hydrolysis of the β-1,4-glycosidic bond does not change with DP, as it is a constant property 
of the enzyme and the bond. What causes the observed differences in rate coefficients of 
hydrolysis (kcat) for substrates of different DP is their ability to form the enzyme–substrate 
complex. Therefore, variation in hydrolytic rate coefficients is solely caused the difference in 
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binding affinity for different binding orientations, with larger rate coefficients representing 
preferable binding modes. 
Assumptions in this model are the following: 1) Transglycosylation forms only β-1,4-
glycosidic bonds, since hydrolysis cleaves only β-1,4 bonds; 2) Cellotetraose is the smallest 
oligosaccharide able to bind to the active site; 3) Cellotetraose does not form enzyme–
substrate complexes that undergo transglycosylation reactions; 4) No energy sources such as 
ATP are necessary for transglycosylation reactions; 5) Water is always present in excess so it 
does not affect reaction rates; and 6) GH44 EGs are not processive. 
The first assumption is consistent with other EGs that both hydrolyze and 
transglycosylate (Kwon et al., 1999, 2002; Oikawa et al., 2001; Schagerlof et al., 2009). The 
second assumption is based upon TLC experiments that showed no changes in 
cellooligosaccharide distributions when C. acetobutylicum EG was incubated with glucose, 
cellobiose, or cellotriose (Warner et al., 2010a). The third assumption is based on TLC 
experiments that showed no changes in cellooligosaccharide distributions when C. 
acetobutylicum EG was incubated with cellotetraose and glucose, cellobiose, cellotriose, or 
itself (data not shown). The fourth assumption is consistent with some known 
transglycosylation mechanisms (Claeyssens et al., 1990; Van der Veen et al., 2000). 
Cellononaose was the largest cellooligosaccharide considered in this model, to reduce the 
number of rate coefficients that need to be optimized. 
The reaction model shown above was used to derive ODEs. The general form of the 
ODEs describing the rate of change in concentration of cellooligosaccharides and glucose is 
 
 (1) 
 
where kn,H = k-n,H = 0 for n < 4, kn,T = k–n,T = 0 for nf ≤ n < 5. For the final two terms on the 
rhs, again using the general form, ka,b,c,H = 0 for b < c. Since nf is the highest DP considered 
d Cn[ ]
dt = −kn, H E[ ] Cn[ ] + k−n, H EHCn[ ]− kn, T E[ ] Cn[ ] + k−n, T ETCn[ ] + kn− k , k , n, T ETCn− k[ ] Ck[ ]( )k=1
n−5
∑
− k4+ l , n, 4+ l+n, T ETC4+ l[ ] Cn[ ]( )
l=1
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∑ + kn+m, m, n, H EHCn+m[ ]( )
m=1
n f −n
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∑
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in the reaction model, nf = 9 in this case. Subscripts H and T indicate if the rate coefficient or 
enzyme–substrate complex is involved in hydrolysis or transglycosylation, respectively. 
Equation 1 represents the rate change in cellooligosaccharide (DP = n) concentration. The 
first two terms on the right hand side (rhs) represent disappearance and appearance of the 
cellooligosaccharide due to association or dissociation with the enzyme, in a binding mode 
productive for hydrolysis. The third and fourth terms represent disappearance and appearance 
of the cellooligosaccharide due to association or dissociation with the enzyme, in a binding 
mode productive for transglycosylation. The fifth and sixth terms represent creation or 
depletion of the cellooligosaccharide due to a transglycosylation reaction. The last term is 
creation of the cellooligosaccharide via a hydrolytic reaction. 
The general form of the ODEs describing the rate of change of the enzyme-
cellooligosaccharide complexes associated with hydrolysis is 
(2) 
where kn,H = k–n,H = 0 for n < 4, kn,n–m,m,H = 0 for n/2 < m and for n < 4. Equation 2 describes 
the rate of change of the enzyme–substrate complex productive for hydrolysis. The first and 
second terms on the rhs describe creation and depletion of the complex due to association 
and dissociation reactions. The last term represents disappearance of the complex due to a 
hydrolytic reaction. 
The general form of the ODEs describing the rate of change of the enzyme–
cellooligosaccharide complexes associated with transglycoslation is 
(3) 
where kn,T = k–n,T = kn,m,n+m,T  = 0 for nf ≤ n < 5, = 0. Equation 3 describes the rate of change of 
the enzyme–substrate complex productive for transglycosylation. The first and second terms 
on the rhs describe creation and disappearance of the complex due to association and 
d EHCn[ ]
dt = kn, H E[ ] Cn[ ]− k−n, H EHCn[ ]− kn, n−m, m, H EHCn[ ]m=1
n−1
∑
d ETCn[ ]
dt = kn, T E[ ] Cn[ ]− k−n, T ETCn[ ]− kn, m, n+m, T ETCn[ ]m=1
n f −n
∑
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dissociation reactions. The last term represents disappearance of the complex due to a 
transglycosylation reaction. 
Lastly, the general form of the ODE describing the rate of change of the free enzyme is 
(4) 
Estimation of Reaction Rate Kinetic Parameters 
The hypothetical model was turned into a system of ODEs and solved using MATLAB 
(The MathWorks, Natick, MA). The genetic algorithm function “ga” was used to estimate 
kinetic parameters by minimization of an objective function. The objective function was the 
sum of squares error between the experimental and simulation data for each cellooligosacc-
haride species, including glucose, whose concentrations were experimentally determined: 
(5) 
where θ is the set of rate coefficients to be optimized, i is refers to the different digestion data 
sets (cellotetraose, cellopentaose, and cellohexaose), xi(t) and  are the experimental and 
predicted concentration vectors of glucose through cellohexaose, respectively. The sum of 
squares error was minimized for the digestions of cellotretraose, cellopentaose, and cellohex-
aose simultaneously to output one set of rate coefficients for the model. The ODE solver, 
“ode15s”, was used to solve the system of ODEs and to generate arrays of chemical species 
concentrations. 
Results and Discussion 
Cellooligosaccharide Hydrolysis by C. acetobutylicum EG 
CEC shows that cellotetraose is slowly hydrolyzed to cellotriose by C. acetobutylicum 
EG, with smaller amounts of glucose but no cellobiose being formed at near equilibrium 
(Fig. 12A). This result is consistent with the TLC analysis of cellotetraose digestion by this 
enzyme measured by Warner et al. (2010a). The asymmetry of the reaction products is likely 
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due to a lack of non-covalent interactions of the enzyme and glucose monomer in subsite +2, 
meaning that cellotetraose preferentially binds to subsites –3 to +1 when hydrolysis takes 
place instead of to subsites –2 to +2. Binding to subsites –1 to +3 is unlikely, as subsite +3 
also lacks non-covalent interactions of the substrate and enzyme. The preference for binding 
to the non-reducing subsites –4 to –1 was seen by Kitago et al. (2007) when cellohexaose 
and cellopentaose were bound in the nonreducing subsites of ligand-bound crystal structures 
of the closely related C. thermocellum EG with the catalytic acid mutated to inactivate the 
enzyme. 
Cellopentaose is hydrolyzed faster than cellotetraose, yielding a large amount of cello-
tetraose and smaller amounts of cellobiose, cellotriose, and glucose (Fig. 12B). A small 
amount of cellopentaose remains at long incubation times. The observed 6:1 molar ratio of 
cellotetraose to glucose was unexpected because for every molecule of cellopentaose 
hydrolyzed to cellotetraose, one molecule of glucose should be produced. 
Cellohexaose is attacked even faster than cellopentaose by the enzyme, quickly disap-
pearing and giving a very large cellotetraose yield and smaller yields of cellobiose, cello-
triose, and glucose (Fig. 12C). Cellopentaose concentration exceeds that of cellotriose before 
decreasing. Cellohexaose digestion showed a similar accumulation of cellotetraose as the 
cellopentaose digest. A ratio of approximately 2.5:1 of cellotetraose to cellobiose was 
observed. 
The disproportionate concentrations of cellotetraose and cellobiose produced from cello-
hexaose and those of cellotetraose and glucose produced from cellopentaose were also noted 
when R. flavefaciens EG hydrolyzed the same cellooligosaccharides (Warner et al., 2010b), 
and qualitatively in earlier work with C. acetobutylicum EG (Warner et al., 2010a). It was 
expected that the pairs of hydrolysis products would be present in equimolar concentrations. 
The fact that this did not occur suggested that intermediate reactions take place such that the 
final reaction products are not produced from hydrolytic reactions alone. Such intermediate 
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Figure 12: CEC and reaction model predictions of A) cellohexaose; B) cellopentaose; and C) cellotetraose 
hydrolyses by C. acetobutylicum GH44 EG. Model predictions for transglycosylation products of D) 
cellohexaose digestion and E) cellopentaose digestion by C. acetobutylicum GH44 EG. Model predictions 
are shown as solid or dashed lines for glucose, black; cellobiose, light blue; cellotriose, light red; cello-
tetraose, light green; cellopentaose, purple, cellohexaose, orange; celloheptaose, bright blue; cellooctaose, 
bright red; and cellononaose, bright green. Measured data are shown as symbols with the same colors as the 
model predictions. Symbols: glucose, ; cellobiose, ; cellotriose, ; cellotetraose, ×; cellopentaose, ; 
and cellohexoase, +. 
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 reactions could be glycosyl transfer or dismutation reactions, which are both types of trans-
glycosylation reactions. 
Transglycosylation reactions had been previously observed in EGs (Kwon et al., 1999; 
Oikawa et al., 2001; Kwon et al., 2002; Schagerlof et al., 2009). The case of Trichoderma 
reesei EG I digesting cellotriose into disproportionate reaction products (Biely et al., 1991) 
serves as an example. When this EG was incubated with high initial concentrations of [1-
3H]cellotriose, 1.35 mol of [3H]cellobiose accumulated for every mol of [3H]glucose. 
Evidence that transfer reactions were taking place was observed by the addition of glucosyl 
and xylosyl residues from 4-methylumbelliferyl β-D-glucoside and 4-methylumbelliferyl β-
D-xyloside into cellooligosaccharide heteropolymers by T. reesei EG I (Claeyssens et al., 
1990; Biely et al., 1991). No transfer reaction intermediates were observed in the studies of 
T. reesei EG I by Claeyssens et al. (1990) or by Biely et al. (1991). In one case small 
amounts of [3H]cellotetraose were observed when EG I was incubated with high concentrat-
ions of [1-3H]cellotriose. 
To obtain experimental evidence that C. acetobutylicum and R. flavefaciens EGs catalyze 
transglycosylation reactions, the capillary electrophoresis chromatographs of cellooligosacc-
haride hydrolyses conducted with both enzymes were reinspected for presence of cellooligo-
saccharides longer than their initial substrates. No such products from any of the three 
substrates were found. No standards are available for cellooligosaccharides longer than 
cellohexaose. There were some peaks in the cellohexaose incubation chromatographs that 
could have been celloheptaose; however, they were not separable from the baseline noise 
(~0.1 mM). 
To further investigate the possibility of transglycosylation reactions taking place, ten 
incubations of various cellooligosaccharide mixtures of DP ≤ 4 (total concentrations of 30 
mM) were performed with C. acetobutylicum EG. The combinations included cellotetraose 
incubated alone and with cellotriose, cellobiose, or glucose; cellotriose incubated alone and 
with cellobiose or glucose; cellobiose incubated alone or with glucose; and glucose incubated 
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alone. TLC showed no observable change in the distribution of cellooligosaccharides from 
their initial reaction components (data not shown). 
There are two reasons why products larger than the substrates being incubated with the 
two EGs are not seen by CEC or TLC: 1) They are not formed in sufficient concentrations to 
exceed the noise level of the analytical techniques; 2) Their solubilities are so low in the 
aqueous incubation medium or in the derivatization reagents added for CEC that the remain-
ing soluble material is not detected. 
Extrapolating the aqueous solubility data of Taylor (1957) at 25°C for cellobiose, cello-
triose, and cellotetraose (444 mM, 260 mM, and 121 mM, respectively), the observations of 
Wolfrom and Dacons (1952) for cellopentaose and cellohexaose (~50 mM and ~10 mM, 
respectively), and our own observations for cellohexaose (that its solubility in 0.1 M NaOAc 
buffer at pH 5.0 and 25°C is ~10 mM) suggests that pure celloheptaose and cellooctaose 
solubilities under reaction conditions are ~1 mM and <0.1 mM, respectively. This indicates 
that cellooctaose and cellononaose would not be detected by CEC nor by the less sensitive 
TLC. Furthermore, CEC is conducted on lyophilized reaction mixtures resuspended in 2 mL 
of 1 M sodium cyanoborohydride in tetrahydrofuran and 2 mL of 20 mM 8-aminopyrene-
1,3,6-trisulfonic acid trisodium salt in 15% v/v acetic acid (Warner et al., 2010b). This mix-
ture is likely to further decrease solubilities of cellooctaose and cellononaose, and perhaps 
celloheptaose also, to below detection limits. 
Optimized Model and Kinetic Parameters for C. acetobutylicum EG 
The predictions of the optimization model for C. acetobutylicum EG are shown in Fig. 12 
and the rate coefficients are in Tables 5 and 6, while those for R. flavefaciens EG are found in 
Appendix 1. Inspection of the individual species curves and objective function values were 
used to determine the quality of the model. The individual species curves needed to reason-
ably overlay the measured data. Small variations in amplitude were acceptable if the shape of 
the curve was correct. The objective function was minimized and considered acceptable if it 
showed less variance than the total variance observed in the data while accurately describing 
 
 
69 
 
Table 5: Kinetic rate coefficients for hydrolytic reactions and association/dissociation of complexes of 
substrates and C. acetobutylicum EG for hydrolysis. The indices j and k represent the products of hydrolysis. 
 Description Rate Coefficients 
k4,H, L/mmol-min Association coefficient for hydrolytic complexes 0.0630 
k-4,H, 1/min Dissociation coefficient for hydrolytic complexes 237.8 
k5,H, L/mmol-min Association coefficient for hydrolytic complexes 4.614 
k-5,H, 1/min Dissociation coefficient for hydrolytic complexes 412.2 
k6,H, L/mmol-min Association coefficient for hydrolytic complexes 554.2 
k-6,H, 1/min Dissociation coefficient for hydrolytic complexes 31.85 
k7,H, L/mmol-min Association coefficient for hydrolytic complexes 132.5 
k-7,H, 1/min Dissociation coefficient for hydrolytic complexes 196.7 
k8,H, L/mmol-min Association coefficient for hydrolytic complexes 334.1 
k-8,H, 1/min Dissociation coefficient for hydrolytic complexes 184.0 
k9,H, L/mmol-min Association coefficient for hydrolytic complexes 341.4 
k-9,H, 1/min Dissociation coefficient for hydrolytic complexes 151.9 
k4,3,1,H, 1/min Hydrolytic rate coefficient 130.4 
k5,4,1,H, 1/min Hydrolytic rate coefficient 213.8 
k5,3,2,H, 1/min Hydrolytic rate coefficient 30.67 
k6,5,1,H, 1/min Hydrolytic rate coefficient 109.5 
k6,4,2,H, 1/min Hydrolytic rate coefficient 769.7 
k6,3,3,H, 1/min Hydrolytic rate coefficient 2.589 
k7,6,1,H, 1/min Hydrolytic rate coefficient 110.7 
k7,5,2,H, 1/min Hydrolytic rate coefficient 271.7 
k7,4,3,H, 1/min Hydrolytic rate coefficient 221.0 
k8,7,1,H, 1/min Hydrolytic rate coefficient 0.1270 
k8,6,2,H, 1/min Hydrolytic rate coefficient 17.93 
k8,5,3,H, 1/min Hydrolytic rate coefficient 349.9 
k8,4,4,H, 1/min Hydrolytic rate coefficient 337.2 
k9,8,1,H, 1/min Hydrolytic rate coefficient 38.47 
k9,7,2,H, 1/min Hydrolytic rate coefficient 176.2 
k9,6,3,H, 1/min Hydrolytic rate coefficient 196.6 
k9,5,4,H, 1/min Hydrolytic rate coefficient 378.3 
  
 
 Sum of hydrolytic 
coefficients 
k4,3,1,H, 1/min Sum of hydrolytic coefficients for cellotetraose 130.4 
k5,j,k,H, 1/min Sum of hydrolytic coefficients for cellopentaose 244.5 
k6,j,k,H, 1/min Sum of hydrolytic coefficients for cellohexaose 881.8 
k7,j,k,H, 1/min Sum of hydrolytic coefficients for celloheptaose 603.4 
k8,j,k,H, 1/min Sum of hydrolytic coefficients for cellooctaose 705.2 
k9,j,k,H, 1/min Sum of hydrolytic coefficients for cellononaose 789.7 
 
 
 
70 
Table 6: Kinetic rate coefficients for transglycosylation reactions and association/dissociation of complexes of 
substrates and C. acetobutylicum EG for transglycosylation. The indices j and k represent the aglycon reactant 
and transglycosylation product, respectively. 
 Description Rate Constants 
k5,T, L/mmol-min Association coefficient for transglycosylation complexes 11.17 
k-5,T, 1/min Dissociation coefficient for transglycosylation complexes 233.3 
k6,T, L/mmol-min Association coefficient for transglycosylation complexes 406.3 
k-6,T, 1/min Dissociation coefficient for transglycosylation complexes 424.4 
k7,T, L/mmol-min Association coefficient for transglycosylation complexes 329.5 
k-7,T, 1/min Dissociation coefficient for transglycosylation complexes 93.92 
k8,T, L/mmol-min Association coefficient for transglycosylation complexes 360.9 
k-8,T, 1/min Dissociation coefficient for transglycosylation complexes 157.7 
k5.1.6, T, 1/min Transglycosylation rate coefficient 502.3 
k5.2.7, T, 1/min Transglycosylation rate coefficient 20.89 
k5.3.8, T, 1/min Transglycosylation rate coefficient 0.9060 
k5.4.9, T, 1/min Transglycosylation rate coefficient 103.6 
k6.1.7, T, 1/min Transglycosylation rate coefficient 348.0 
k6.2.8, T, 1/min Transglycosylation rate coefficient 676.2 
k6.3.9, T, 1/min Transglycosylation rate coefficient 177.9 
k7.1.8, T, 1/min Transglycosylation rate coefficient 280.6 
k7.2.9, T, 1/min Transglycosylation rate coefficient 165.2 
k8.1.9, T, 1/min Transglycosylation rate coefficient 417.6 
   
 
 Sum of 
transglycosylation 
coefficients 
k5,j,k, T, 1/min Sum of transglycosylation coefficients for cellopentaose 627.7 
k6,j,k, T, 1/min Sum of transglycosylation coefficients for cellohexaose 1202 
k7,j,k, T, 1/min Sum of transglycosylation coefficients for celloheptaose 445.8 
k8,1,9, T, 1/min Sum of transglycosylation coefficients for cellooctaose 417.6 
 
the individual species curves. In this case the final value of the objective function is 5.31 
mM2 and the sum of squares of the data is 154.3 mM2 (Table 7). 
A comparison of the model and the measured data for the cellohexaose digest by C. 
acetobutylicum EG is shown in Fig. 12A. The model predictions for cellobiose, cellotriose, 
and cellotetraose fit well during the initial and later stages of digestion. The predicted rate of 
cellohexaose disappearance is lower than the experimental rate during the initial stages of 
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Table 7: Objective function and sum of squares values of the data for the individual spe- 
cies curves of the C. acetobuylicum CD digests of cellohexaose, cellopentaose and cellot- 
etraose. 
 Objective Function, mM2 Sum of Squares, mM2 
Cellohexaose Digestion   
Glucose 0.2498 0.05812 
Cellobiose 0.1425 2.334 
Cellotriose 0.05313 0.575 
Cellotetraose 0.8157 12.86 
Cellopentaose 0.3396 0.7922 
Cellohexaose 1.146 12.33 
Sum 2.747 28.96 
   
Cellopentaose Digestion   
Glucose 0.3994 1.982 
Cellobiose 0.3209 7.744 
Cellotriose 0.1662 6.336 
Cellotetraose 0.9249 49.87 
Cellopentaose 0.4951 71.51 
Sum 2.306 137.4 
   
Cellotetraose Digestion   
Glucose 0.1676 0.03052 
Cellobiose 0 0 
Cellotriose 0.04348 0.1686 
Cellotetraose 0.0450 0.1058 
Sum 0.2561 0.305 
   
Overall Sum 5.309 154.3 
digestion but agrees very well with experimental data during the middle to later stages. The 
major contributors to the residual error of the model are the predictions for cellopentaose and 
glucose. During the initial stages, but not later, cellopentaose concentration rises too slowly 
with increasing incubation time compared to the measured data. This is an artifact of opti-
mizing the rate coefficients over all three digestion data sets, as individual optimizations fit 
the initial stages of the cellopentaose curve very well. Predicted glucose concentrations 
exceed experimental concentrations throughout the run. The objective function for each 
curve reflects the fits of the model predictions (Table 7). 
The predicted concentrations for celloheptaose, cellooctaose, and cellononaose for the 
cellohexaose digestion are in Fig. 12D. They reach 0.036 mM, 0.39 mM, and 0.083 mM, 
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respectively, during the first 8.5 min of the digestion before sharply decreasing. Therefore, 
the predicted peak concentrations of celloheptaose and cellononaose are below the CEC 
noise level. The high cellooctaose peak is unlikely to be observed because of the low 
solubility of cellooctaose in aqueous solutions, which is likely to be even lower during the 
derivitization procedure, and therefore to be below the noise level in Fig. 12D. Insolubility of 
cellooctaose should not prevent digestion by the C. acetobutylicum GH44 EG. This enzyme 
(Warner et al., 2010a), as well as R. flavefaciens EG (Warner et al., 2010b), are active on 
microcrystalline Avicel, even though the former lacks a CBM. Furthermore, cellooctaose is 
unlikely to exhibit much hard-to-digest microcrystalline character, given its short length. 
Model predictions and data for the cellopentaose digest are shown in Fig. 12B. Predicted 
concentrations fit the data well for all species during all stages of digestion. The only notable 
differences are the model’s slightly low predictions of cellopentaose concentrations and 
slightly high predictions of cellotetraose concentrations during the later stages of digestion. 
Fig. 12E shows the model predictions for the unobserved cellooligosaccharides. The highest 
concentration was reached by cellononanose, 0.031 mM, followed by cellohexaose, 0.017 
mM, celloheptaose, 0.010 mM, and cellooctaose, 0.009 mM, all well below the CEC noise 
level. Table 7 shows the objective function values for the individual curves. 
Data and model predictions for the cellotetraose digest are shown in Fig. 12C. The model 
predictions fit the data reasonably well despite the samples being taken over a time range 
when cellooligosaccharide concentrations of did not show much change. The model predicts 
95% of cellotetraose will be digested in approximately 45 days under the experimental con-
ditions. This is reasonable compared to the TLC results (Warner et al., 2010a), which show 
residual cellotetraose and primary products of cellotriose and glucose after a 16-h incubation 
of >10 µM C. acetobuylicum EG (a much higher concentration than in the experiments using 
CEC) and 750 mg/L cellotetraose. No transglycosylation reactions are assumed to take place 
during cellotetraose digestion. The objective function values for the individual curves are 
shown in Table 7. 
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The sums of the hydrolytic rate coefficients (Table 5) increase with increasing substrate 
DPs, which is consistent with GHs having numerous subsites. In those cases, coefficients 
tend to increase with increasing DP until the bound substrate fills most or all of the subsites. 
An exception is the sums of the celloheptaose, cellooctaose, and cellononaose hydrolytic 
coefficients, which are somewhat lower than that of cellohexaose. This is due to the large 
value of k6,4,2, which is slightly less than the sum of the hydrolytic coefficients for cellonon-
aose. This high value is likely caused by a difference of the optimized rate coefficients from 
the true rate coefficients. The ratio of association to dissociation constants show the same 
trend as the sum of the hydrolysis coefficients, increasing ratios with increasing DP. As with 
the sum of the hydrolysis coefficients, the ratio of the association and dissociation reactions 
is highest for cellohexaose, existing as an outlier in the general trend. 
The sums of the transglycosylation rate coefficients (Table 6) decrease with increasing 
substrate DPs. The high sum of transglycosylation coefficients for cellohexaose is an excep-
tion. It would be expected that transglycosylation coefficients would decrease with increasing 
DP, since longer cellooligosaccharides disappear faster than shorter cellooligosaccharides. 
Therefore as DP increases the difference between hydrolytic and transglycosylation coeffic-
ients must increase so that hydrolysis is increasingly favored. 
Optimized Model and Kinetic Parameters for R. flavefaciens CD and CD/CBM 
The reaction model follows the CEC results of all three digestions by both CD and 
CD/CBM forms of R. flavefaciens EG (Warner et al., 2010b) less well than it follows 
digestions by C. acetobutylicum EG (Appendix 1, Figs. 21A through 21E and 22A through 
22E, Tables 11–16). Deviations from experimental data by the model are most serious with 
the cellohexaose digests and least serious with the cellopentaose digests. This appears to have 
been caused by the lack of data acquired in the initial stages of digestion, where concentrat-
ions change rapidly, and this can be remedied by a few days of experimentation, to be 
accomplished immediately. The objective function values and sum of squares of the data for 
the individual curves are shown for each digest and each construct in Tables 13 and 16 in 
Appendix 1. 
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The sum of the hydrolytic coefficients for the digests by the R. flavefaciens CD alone 
increases with increasing DP through cellohexaose, and then slightly decreases at higher 
DPs, as with C. acetobutylicum EG. The sums of the transglycosylation coefficients for CelB 
generally decrease with increasing DP, also as before. The sums of both hydrolytic and trans-
glycosylation coefficients are larger for each oligosaccharide for C. acetobutylicum EG than 
they are for R. flavefaciens EG. 
Increasing sums of hydrolytic coefficients with increasing DP are also observed for the 
CD/CBM construct, peaking at cellohexaose but decreasing only moderately at higher DPs, 
as observed with C. acetobutylicum EG and the R. flavefaciens CD. As in both previous 
cases, the sums of the transglycosylation coefficients for the CD/CBM case reach their 
highest value with the cellohexaose coefficient. All coefficient sums, for both hydrolysis and 
transglycosylation cases, are larger for the CD than for the CD/CBM. 
The predicted concentrations of transglycosylation products for R. flavefaciens CD and 
CD/CBM constructs are all below the detection limits by CEC. 
Conclusions 
A reaction model incorporating hydrolytic and transglycosylation reactions explains the 
observed disproportionation of reaction products in the digests of cellopentaose and cello-
hexaose by GH44 EGs from C. acetobutylicum and R. flavefaciens. The model predicts 
concentations of transglycosylation products, with higher DPs than the initial substrates, 
either too low to be detected by CEC or in excess of their solubilities, agreeing with the lack 
of observation of these products by CEC. This research shows at least two GH44 EGs appar-
ently catalyze transglycosylation reactions, consistent with the family’s double-displacement 
mechanism for retention of anomeric configuration. 
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Chapter 6. NMR Structure and Binding Properties of a Novel 
Carbohydrate Binding Module 
Christopher D. Warner8, Gulden Camci-Unal9, D. Bruce Fulton10, Nicola Pohl2, 
Clark Ford11, and Peter J. Reilly1* 
Abstract 
Binding and thermodynamic properties of a novel carbohydrate binding module (CBM) 
and a glycoside hydrolase family 44 endoglucanase catalytic domain (CD), both tested 
independently and when linked to each other, have been quantified when binding various β-
1,4-linked glucans and xylans. The three constructs bind cellotetraose, cellopentaose, and 
cellohexaose with increasing association constants. The CBM and the CD plus CBM have 
larger association constants for carboxymethylcellulose than for larchwood xylan. The CBM 
does not bind xylotetraose, xylopentaose, or xylohexaose. The CBM/CD construct has higher 
association constants when binding cellopentaose and cellohexaose than does the isolated 
CBM. All binding experiments were energetically favorable and enthalpy-driven. NMR 
structure determination of the CBM is ongoing, as more NOE assignments are needed to 
generate a realistic model of the tertiary structure. Chemical shift data of the CBM were used 
to predict the secondary structure, which has at least nine β-strands, suggesting that the 
tertiary structure is likely a β-sandwich fold. When the CBM is saturated with cellohexaose, 
changes in chemical shift of the peptide backbone occur in four regions of the primary 
structure, at residues 37–38, 67–74, 84–87, and 132–136. These regions contain residues that 
can either form stacking interactions with sugar rings or can contain side-chains that can 
hydrogen-bond carbohydrates. 
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Introduction 
Carbohydrate binding modules (CBMs) are non-catalytic proteins that bind oligo- and 
polysaccharides. They are attached to or associated with carbohydrate-active catalytic 
domains (CDs), and they are classified based upon their binding properties as either type A 
(surface binding), type B (glycan chain binding), or type C (small sugar binding). CBMs 
have three primary roles: to increase local carbohydrate concentrations by the proximity 
effect, to target specific carbohydrates in complex structures such as plant cell walls, or to 
disrupt or modify carbohydrate structures (Boraston et al., 2004; Shoseyov et al., 2006b). 
CBMs are classified based upon primary sequence similarity into families. It is assumed 
that all members of a family have roughly the same tertiary structures. The Carbohydrate-
Active enZymes database (CAZy) lists 59 families along with 34 unclassified sequences 
(Cantarel et al., 2009b). Fourteen of these families have unknown tertiary structures. Of 
those families with tertiary structure information, the majority have β-sandwich folds, while 
some families have β-trefoil, hevein, OB, β-barrel, and lectin-like folds (Boraston et al., 
2004; Cantarel et al., 2009b). 
Ruminococcus flavefaciens is a ruminant bacterium highly active against plant cell walls. 
Two of its strains, R. flavefaciens 17 and R. flavefaciens FD-1, have been extensively studied 
(Doerner et al., 1990, 1992; Flint et al., 1993; Vercoe et al., 1995). Both R. flavefaciens 
strains produce cellulosomes, extracellular multi-protein complexes anchored to their cell 
membranes that break down cellulose and hemicelluloses. Two common features of the 
cellulosomes produced by each strain are the large number of different proteins, among them 
hydrolases, cohesins, dockerins, and scaffoldins, incorporated into them and the lack of 
CBMs attached to their scaffoldin domains, unlike the structures of many cellulosomes. The 
latter factor makes the presence of CBMs on the CDs functionally necessary to digest 
insoluble polysaccharides (Ding et al., 2001; Rincon et al., 2003, 2004; Bayer et al., 2004, 
2008; Jindou et al., 2006). 
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R. flavefaciens 17 endoglucanase B (EndB) has a novel 150-residue CBM attached to its 
C-terminus. This CBM binds Avicel but is otherwise relatively unstudied (Rincon et al., 
2001). R. flavefaciens FD-1 produces an endoglucanase (CelB) highly similar to R. flavefac-
iens 17 EndB, but its published DNA sequence was truncated after the CD, and therefore it 
lacked a sequenced CBM (Vercoe et al., 1995). Both of these endoglucanases (EGs) are part 
of glycoside hydrolase family 44 (GH44) (Rincon et al., 2001). 
Previous work on CelB and another GH44 EG from Clostridium acetobutylicum have 
shown these enzymes to be active on cellotetraose, cellopentaose, cellohexaose, carboxy-
methylcellulose (CMC), birchwood and larchwood xylan, lichenan, and Avicel, but not on 
cellobiose, cellotriose, mannan, or pullulan (Warner et al 2010a,b). The addition of the novel 
CBM to the CelB CD increases catalytic efficiencies on both CMC and birchwood xylan. 
Both family members show evidence of disproportionation of reaction products upon 
incubation with cellopentaose and cellohexaose (Warner et al., 2010a,b,c). Cellotetraose is 
digested to cellotriose and glucose, with no cellobiose observed. Digestion of cellopentaose 
produces cellotetraose, cellotriose, cellobiose and glucose. The distribution of cellotriose, 
cellobiose and glucose varies depending on the family member and/or presence of the novel 
CBM. For each case cellotetraose was present in larger amounts than the other hydrolysis 
reaction product, glucose. Cellohexaose digestion yields much more cellotetraose than 
cellobiose and some glucose and cellotriose, along with a low and transient amount of 
cellopentaose. 
A reaction model consisting of hydrolysis and transglycosylation reactions was devel-
oped and optimized to account for disproportionation of reaction products (Warner et al 
2010c). The model fit the cellotetraose, cellopentaose, and cellohexaose digest data sets by 
C. acetobutylicum GH44 EG. Presence of transglycosylation products at levels near or below 
the limit of detection was predicted with the model, and this was consistent with their 
absence in the capillary electrophoresis chromatographs. The model also successfully fit the 
cellotetraose and cellopentaose digest data sets by both the R. flavefaciens FD-1 CD and the 
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CD plus CBM. The cellohexaose digest data sets for both constructs lacked data in the reg-
ions of rapidly changing concentration and were unable to be adequately fit with the model. 
This chapter will present the progress of determining the tertiary structure of the CBM 
produced by R. flavefaciens FD-1, the first for this new CBM family, as well as its ligand 
specificity, binding constants, and thermodynamic properties. 
Materials and Methods 
Gene Construction 
Construction of genes coding for the CD and CD/CBM constructs was described by 
Warner et al. (2010b). The pBAW101 plasmid was used to amplify the gene fragment 
encoding the CBM using the polymerase chain reaction with Taq polymerase (forward 
primer 5’-AATACATATGGCAGGAGGTTTTGATATG-3’, reverse primer 5’-TCGACAT-
ATGCTACTCAGTCTTCTCGGTTAC-3’). The PCR products were cloned into pGEM-T 
Easy vectors (Promega, Madison, WI) and sequenced at the Iowa State University DNA 
Facility. The gene fragments were then ligated into the NdeI site of pET-14b (Novagen, San 
Diego, CA) and transformed into E. coli BL-21 (DE3). Strategene’s (San Diego, CA) 
QuikChange II site-directed mutagenesis kit was used to mutate the catalytic acid of CelB 
(forward primer 5’-CAGCCTTGATAACCAGCCTGTTCTCTGGAACG-3’, reverse primer 
5’-CGTTCCAGAGAACAGGCTGGTTATCAAGGCTG-3’) and/or insert a stop codon to 
remove the CBM from the CelB CD (forward primer 5’-GGTAACCGAGAAGACTGAG-
TAATTCAAGGATCCTTCTTC-3’, reverse primer 5’-GAAGAAGGATCCTTGAATTAC-
TCAGTCTTCTCGGTTACC-3’). The mutated plasmids were transformed into E. coli XL-
Blue and sequenced to confirm the mutated DNA sequence. The plasmid was then trans-
formed into E. coli BL-21 (DE3) using electroporation. This resulted in three clones, each of 
which was used to produce a specific construct: CelB E210Q, the CelB CD with mutated 
catalytic acid and CBM; CelB E210Q/E551–, the CelB CD with mutated catalytic acid but 
no CBM; and the isolated CBM. 
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Protein Production and Purification 
Production and purification of the CD and CD/CBM constructs were also described by 
Warner et al. (2010b). The isolated CBM was produced similarly, with the following differ-
ences for NMR preparations: An overnight culture was grown in 50 ml LB medium supple-
mented with 50 µg/ml carbenicillin at 37°C with 250 rpm shaking. For isotopic labeling, the 
inoculum was transferred into M9 medium (6.4 g NaH2PO4.7H2O, 1.5 g KH2PO4, 0.25 g 
NaCl, 0.5 g 15N-NH4Cl, 2 g 13C-glucose, 1 ml of 1 M MgSO4, 10 µl of 1 M CaCl2, 19 µl of 
0.5 M thiamine, and 250 µl of 100 mg/ml carbenicillin dissolved in 500 ml of water and 
sterile-filtered through a 0.2-µm filter). The culture was grown at 37°C with 250 rpm 
shaking. Isopropyl-β-D-thiogalactoside was added to induce protein expression when the 
absorbance at 600 nm of the cell suspension in a 1-cm pathlength cuvette was between 0.7 
and 0.8. The temperature was then reduced to 30°C and the culture was incubated for 16 h. 
CBM Crystallization and X-Ray Diffraction 
Secondary structure elements can be predicted based upon primary amino acid sequence. 
The PSIPRED server (McGuffin et al., 2000) finds similar amino acid sequences to the query 
based upon sequence homology. Analysis on the homologous sequences and the query are 
performed using two neural networks, and a prediction of the query’s secondary structure is 
the output. The PSIPRED server was used to predict the secondary structure of the CBM, 
shown in Appendix 1, Fig. 23. The predicted secondary structure consists of nine β-strands 
and six α-helices. Comparing this secondary structure to the common CBM fold types indi-
cates the PSIPRED prediction is for one of the unusual fold types or a β-sandwich-like fold. 
Pursuit of the CBM’s tertiary structure via protein crystallography and X-ray diffraction 
initially looked promising. Hampton’s Crystal Screen 1 and 2 kits were used for screening 
crystallization conditions of both the CBM with and without the His-tag. Crystals consisting 
of small hexagons were first formed at room temperature using the His-tagged construct in 
Crystal Screen Buffer 6 (0.1 M Tris-hydrochloride, pH 8.5, in 0.2 M MgCl2.6H2O and 30% 
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w/v polyethylene glycol 4000). Initial diffraction experiments gave poor resolution, approx-
imately 23 Å, but they proved the crystals to be protein and not salt. 
Optimization of the crystallization conditions (buffer type, pH, salt type and concentrat-
ion, polyethylene glycol molecular weight and concentration, protein concentration, drop 
size/composition and seeding) improved crystal size. However, diffraction was still inadeq-
uate (resolution ranged from no diffraction to 7 Å). So further optimization was pursued with 
Hampton’s Additive, Silver Bullets, Index and PEG-Ion Screens, various temperatures (4°C, 
room temperature, 30°C, and 37°C ) and cryo-protection. Some of the additives (guanidine 
hydrochloride, benzamidine hydrochloride, trimethylamine N-oxide, and sodium iodide) or 
combinations of additives improved diffraction to 5.0 Å. Further optimization of crystallizat-
ion conditions using the additives gave no improvement in diffraction. Some combinations of 
additives crystallized the CBM construct with the His-tag removed, although diffraction was 
no better than 7 Å. 
Diffraction data of capillary-mounted crystals at room temperature showed that cryo-
protection during the freezing process was not the cause of poor diffraction. Rather, the 
crystals were limited in resolution due to a naturally occurring disorder or by high solvent 
content. 
Matthew’s coefficients (Matthews, 1968; Kantardjieff et al., 2003) from the diffraction 
data sets with the highest resolution were estimated to see if high water content in the crystals 
may have caused the poor diffraction. The estimated solvent content for any asymmetric unit 
of fewer than nine CBM molecules was greater than 60%. To improve diffraction, an attempt 
to reduce the water content of the asymmetric unit was made using post-crystallization 
treatments (serial dehydration, air dehydration, capillary dehydration, and serial dehydration 
with vapor diffusion) and dehydrating agents during crystallization. Little to no improvement 
in diffraction resolution was seen using these methods. 
To reduce disorder in the crystals, more post-crystallization processing was attempted. 
The methods experimented were cross-linking, cross-linking with vapor diffusion, various 
methods of crystal annealing, crystal tempering, and crystal soaking. None of these treat-
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ments improved diffraction resolution. Co-crystallization with various ligands under various 
conditions gave no improvement in resolution. 
The best crystals, including some with mutant CBM constructs with selenomethionine 
(Se-Met) replacement, were taken to Argonne National Laboratory’s 23-ID-B synchrotron 
beam, where we had been granted a 22-h block of beam time. Bright synchrotron beams can 
improve diffraction of small crystals, and 23-ID-B is among the brightest beamlines in the 
U.S. Furthermore, 23-ID-B has a microbeam that allows focusing of the X-ray beam to 5 µm 
x 5 µm spots that can be focused on the best diffracting regions of the crystals. In total, 146 
CBM crystals of the CBM were taken to Argonne. Of those crystals, 72 were screened and 
three data sets were collected. One data set for a wild-type protein gave 3.0 Å resolution. The 
best Se-Met data set diffracted to 3.4 Å. Unfortunately, I was unable to phase the Se-Met 
data set to solve the phase problem due to low resolution of the phasing data set, leaving the 
3.0 Å wild-type data set unusable to determine electron density maps. 
Further searching for new crystallization conditions yielded ten new crystallization hits, 
giving thirteen crystallization hits that were optimized as described above. However, none of 
them diffracted to less than 3.0 Å. In total, 175 crystallization plates (24 wells) were pre-
pared, testing approximately 4000 different crystallization buffer compositions and 21,000 
crystallization drops. 
NMR for Structure Determination 
Data were collected on the Iowa State University NMR Facility Bruker Advance II 700-
MHz spectrophotometer at 25°C. The CBM construct (15N or 15N/13C labeled) was concen-
trated to 1.4 mM in 50 mM HEPES, pH 6.8, 5 mM dithiothreitol, and 0.02% (w/v) NaN3. 
Heteronuclear backbone assignment occurred with 2D-15N HSQC, HNCA, HN(CO)CA, 
HNCO, HN(CA)CO, CBCANH, and CBCA(CO)NH experiments (Bax et al., 1991; Clubb et 
al., 1992; Grzesiek et al., 1992a,b,c; Mori et al., 1995). Side-chain assignments were made 
using HNHA, HBHANH, HBHA(CO)NH, CC(CO)NH, HB(CBCGCD)HD, 
HB(CBCGCDCE)HE, HCCH-COSY, and HCCH-TOCSY (12- and 21-ms mixing times) 
(Bax et al., 1990; Grzesiek et al., 1993; Vuister et al., 1993; Yamazaki et al., 1993; Dellwo 
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et al., 1994; Gehring et al., 1998). All chemical shifts are referenced to 2,2-dimethyl-2-
silapentane-5-sulfonic acid. 2D 15N-TROSY data sets of the CBM alone and saturated with 
cellohexaose, purchased from Associates of Cape Cod (East Falmouth, MA), were collected 
to determine change in chemical shifts upon ligand binding (Zhu et al., 1999). Chemical 
shifts and peak lists were assigned and/or determined manually in CARA (Keller, 2004). 
Distance restraints were assigned manually using both 1H-15N-NOESY (Talluri et al., 1996) 
and 1H-13C-NOESY (Davis et al., 1992) with 100-ms mixing times. Peak amplitudes were 
calculated using the model-based linear equation system in CARA’s (Keller, 2004) 
MonoScope spectra viewing program. Nuclear Overhauser effect (NOE) distance restraints 
were exported from CARA into XPLOR-NIH v 2.23 (Schwieters et al., 2003, 2006) for 
structure calculation. TALOS (Cornilescu et al., 1999) was used to estimate dihedral angle 
restraints using chemical shift data of C, Cα, Cβ, Hα, and N atoms. The anneal_nordc.py 
script was used to generate a minimum of 50 structures using constrained simulated 
annealing (Nilges et al., 1988a,b,c; Clore et al., 1989). The output structures were analyzed 
for NOE restraint violations to be removed and areas of low NOE density were identified so 
new NOE distance restraints could be identified. The process was repeated to generate 
improved structure sets. 
Isothermal Calorimetry (ITC) 
ITC was performed using a MicroCal (GE Healthcare, Northampton, MA) VP-ITC calor-
imeter. Cello- and xylooligosaccharides were purchased from Associates of Cape Cod, while 
carboxymethylcellulose (CMC) and larchwood xylan were purchased from Sigma (St. Louis, 
MO). Protein and carbohydrate substrates were prepared in 50 mM HEPES, pH 6.8, collected 
from the ultrafiltration filtrate during concentration to minimize heat of dilution effects, and 
degassed before use. The ITC sample cell, 1.4288 ml, was loaded with the CD (0.05 mM), 
CBM (0.03–0.161 mM), or CD/CBM (0.07 mM), and stirred at 310 rpm and 25°C. A 300-µl 
syringe was loaded with ligands (2.5–10 mM cellooligosaccharides, 2–5 mM xylooligosacc-
harides, 0.333 mM CMC, or 0.45 mM larchwood xylan) and a series of 31 injections, 1 µl for 
the first injection and 10 µl for the rest, were made in 200-s intervals. Controls were run 
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using the sample experimental parameters as above but with the ligands injected into a 
sample cell containing 50 mM HEPES, pH 6.8, of ultrafiltration filtrate. Their results were 
then used to subtract heat of dilution effects from the experimental data. Origin software (7.0 
OriginLab Corp., Northampton, MA) was used to fit the data to either a one-site binding 
model or a two-site sequential model, depending on the protein construct–ligand pair. The 
models were converged using 100 Simplex iterations. The molecular weight of larchwood 
xylan was calculated based upon its typical degree of polymerization of 133 (Panbangred et 
al., 1983). 
Results and Discussion 
Gene Sequencing and Amino Acid Alignment 
Earlier gene sequencing (Warner et al., 2010b) (Appendix 2) showed that celB codes for 
an 800-residue protein that is 74% identical to the R. flavefaciens 17 EndB protein. The CelB 
protein has a similar domain structure to that of R. flavefaciens 17 EndB, as it contains 
regions that align well with the latter’s CD, CBM, and dockerin domains. Thus R. flavefac-
iens FD-1 CelB contains the second known occurrence of this novel CBM. 
A complete description of my sequencing work identifying a frameshift error and re-
sequencing the celB gene that resulted in the correct sequence and an acknowledgement in 
Berg Miller et al. (2009) publication of the R. flavefaciens FD-1 genome is present in 
Appendix 2. 
Ligand Binding by the CBM 
The CBM binds cellotetraose (Ka = 635 ± 175 M–1, the second numeral being the standard 
error), cellopentaose (Ka = 972 ± 97 M–1) and cellohexaose (Ka = 1,620 ± 80 M–1) using a 
one-site binding model (Table 8). No significant binding of xylotetraose, xylopentaose, or 
xylohexaose occurs. CMC and larchwood xylan binding (Ka = 63,600 ± 9,200 M–1 and Ka = 
16,800 ± 2,000 M–1, respectively) is much stronger than that of the shorter cellooligosacchar  
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Table 8: Thermodynamic parameters for CBM–ligand binding. 
 Ka ΔH ΔS ΔG 
 (M–1) (cal/mol) (cal/mol-K) (kcal/mol) n 
Cellotetraosea 635 ± 175 –215 ± 21 12.1 –3.82 3.53 
Cellopentaosea 972 ± 97 –1,150 ± 120 9.83 –4.08 4.23 
Cellohexaosea 1,620 ± 80 –3,240 ± 260 3.83 –4.38 1.4 
CMCa 63,600 ± 
9,200 –9,570 ± 710 –10.1 –6.55 0.871 
Larchwood 
xylana 
16,800 ± 
2,000 
–10,900 ± 
900 
–17.2 –5.76 1.89 
a Single-site model. 
ides. This effect is likely due to multiple CBMs binding the same molecule of the longer lig-
ands. Fig. 24 in Appendix 1 shows the raw heats of binding and integrated heats of binding 
excluding dilution effects for the CBM with the five ligands tested. 
For each of these titrations ΔG, the Gibbs free energy, is negative, showing that binding 
is energetically favorable. The entropy of binding, ΔS, is positive for cellotetraose (12.1 
cal/mol-K), cellopentaose (9.83 cal/mol-K), and cellohexase (3.83 cal/mol-K), suggesting 
that the binding of shorter oligosaccharides is entropically favorable. However, it appears 
that binding is generally enthalpy-driven because ΔS is negative for CMC (–10.1 cal/mol-K) 
and larchwood xylan (–17.2 cal/mol-K), even though ΔG is negative for all cases of binding 
regardless of entropy. The stoichiometry of the binding reactions, n, is close to 1:1 for 
cellohexaose and CMC, as expected. The binding of larchwood xylan by the CBM occurs at 
almost a 2:1 ratio, and the binding of cellotetraose and cellopentaose by the CBM is greater 
than 4:1. This may suggest that non-specific binding occurs. 
Although the CBM binds cellooligosaccharides, its binding constants are low when com-
pared to those of other CBMs that bind cellooligosaccharides (Boraston et al., 2004; Naj-
mudin et al., 2006). Binding constants of the order of 5 x 104 M–1 were measured in those 
works rather than the constants of ~103 M–1 found here. Constants of the same order of 
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magnitude as the CBM were measured by Boraston et al. (2002) for the individual CBMs of 
a tandem of three CBMs. 
Ligand Binding by Inactive Mutants of the CD and CD/CBM 
Titrations of the CD and CD/CBM were performed with cellotetraose, cellopentaose, and 
cellohexaose to determine if a synergistic effect occurs when the CD and CBM are linked. 
The catalytic acid was mutated to a glutamine residue to prevent any ligand hydrolysis, 
which would result in a heat of reaction obscuring the binding data. 
The CD binds to cellotetraose (Ka = 6,960 ± 810 M–1), cellopentaose (Ka = 8,240 ± 2,880 
M–1), and cellohexaose (Ka = 12,800 ± 2,100 M–1) using a one-site binding model (Table 9). 
Based upon the binding stoichiometry, it appears that the binding pocket can accommodate 
two molecules of cellotetraose per molecule of enzyme, but only one molecule of cellopenta-
ose or cellohexaose. This suggests that the glycon and aglycon binding sites are both at least 
four subsites long. This is consistent with the subsite structure found in the crystal structures 
of three GH44 family members, all of which have more than eight subsites (Kitago et al., 
2007; Nam et al., 2009; Warner et al., 2010)). Titrations with CMC and larchwood xylan 
were inconclusive. Fig 25 in Appendix 2 shows the raw heats of binding and integrated heats 
of binding excluding dilution effects for the CD with the cellooligosaccharides tested. 
Table 9: Thermodynamic parameters for CD–ligand binding 
 Ka ΔH ΔS ΔG 
 (M–1) (cal/mol) (cal/mol-K) (kcal/mol) n 
Cellotetraosea 6,960 ± 810 –1,470 ± 310 12.7 –5.26 1.86 
Cellopentaosea 8,240 ± 
2,880 
–3,050 ± 
1,950 
7.69 –5.34 1.05 
Cellohexaosea 12,800 ± 
2,100 
–11,300 ± 
7,000 
–19.0 –5.62 0.408 
a Single-site model.  
Binding curves from titrations of the CD/CBM with cellotetraose, cellopentaose, and 
cellohexaose were fitted better with a two-site sequential binding model than with either a 
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one-site or two-site binding model, giving binding constants for cellotetraose of 7,140 ± 220 
M–1 and 173 ± 55 M–1, for cellopentaose 14,600 ± 900 M–1 and 638 ± 76 M–1, and for cello-
hexaose 22,900 ± 3,800 M–1 and 2,320 ± 290 M–1 (Table 10). The first binding constants are 
consistent with, although larger than, the binding constants for the same cellooligosacchar-
ides bound by the CD, while the second binding constants are consistent, although larger 
than, those of the CBM binding cellotetraose, cellopentaose, and cellohexaose. 
The CD/CBM construct was also titrated with CMC and larchwood xylan. Binding iso-
therms were best fitted with a one-site binding model, suggesting that these polysaccharides 
span both the CD and CBM binding sites. Binding constants for CMC and larchwood xylan 
are 452,000 ± 15,000 M–1 and 109,000 ± 24,000 M–1, respectively (Table 10). The stoichiom-
etry of binding indicates that each CD/CBM molecule binds much less than one molecule of 
CMC or larchwood xylan. This may be caused by the titration data not reaching complete 
saturation due to the experimental limitations of working with high molecular weight oligo-
saccharides of limited solubility. Fig 26 in Appendix 1 shows the raw heats of binding and 
integrated heats of binding excluding dilution effects for the CBM with the five ligands 
tested. 
Analysis of the Ka values of the three constructs on the cellooligosaccharides shows a 
synergistic effect of binding on cellopentaose and cellohexaose when the CD and CBM are 
both present. No synergism was observed when the CD and CBM construct bound cellotetra-
ose. The increases over the expected sum of Ka, if no synergism was present, for the CD and 
CBM of cellopentaose and cellohexoase are 6,070 M-1 and 10,800 M-1. Therefore it appears 
that the synergistic effect increases with increased degree of polymerization. CBMs have a 
synergistic effect on activity of GHs (Din et al., 1994; Fernandes et al., 1999). Synergistic 
effects on Ka has been observed when CBMs are present in tandem (Linder et al., 1996; 
Bolam et al., 2001; Boraston et al., 2002). This is the first demonstration of a synergistic 
effect on Ka when a CBM is bound to a GH. 
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Table 10: Thermodynamic parameters for CD/CBM–ligand binding 
 Ka ΔH ΔS ΔG 
 (M–1) (cal/mol) (cal/mol-K) (kcal/mol) n 
Cellotetraoseb 7,140 ± 220 –6,730 ± 120 –4.93 –5.26 n/a 
 173 ± 55 –5,940 ± 
1,230 
–9.70 –3.05 n/a 
Cellopentaoseb 14,600 ± 
900 
–8,460 ± 250 –9.32 –5.68 n/a 
 638 ± 76 –10,500 ± 
400 
–22.4 –3.82 n/a 
Cellohexaoseb 22,900 ± 
3,800 
–9,950 ± 680 –13.4 –5.95 n/a 
 2,320 ± 290 –9,170 ± 640 –15.4 –4.58 n/a 
CMCa 452,000 ± 
15,000 
–157,000 ± 
3,000 
–502 –7.73 0.125 
Larchwood 
xylana 
184,000 ± 
36,000 
–52,900 ± 
5,100 
–153 –7.23 0.255 
a Single-site model. 
b Two-site sequential model. First and second rows are first and second sites, respectively. 
Determination of CBM Tertiary Structure by NMR 
Experiments were performed to see if using NMR to solve the CBM tertiary structure 
could substitute for crystallography. The initial 2D 15N- and 13C-HSQC spectra showed a 
monomeric form of the CBM, with good peak separation and amplitudes. However, the 3D 
spectra degraded over the course of 24 h of collection. 
A free sulfhydryl assay was performed on the active CBM, denatured CBM, and NMR 
samples to investigate aggregation by cysteine-cysteine disulfide bond formation as the cause 
of the degrading NMR signal. This showed the two cysteine residues (located three amino 
acid residues apart) are located internally in the CBM structure, not on the surface, although 
a small percentage of the CBM molecules have solvent-accessible cysteine residues. The 
NMR samples with degrading signals were forming cysteine–cysteine bonds, causing 
aggregation. Addition of 5 mM dithiothreitol (DTT) prevented aggregation and maintained a 
quality NMR signal, allowing collection of NMR data sets for structure determination. 
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NMR samples were prepared at high concentrations similar to those used in crystallog-
raphy. The aggregation of the CBM molecules in NMR samples without DTT was likely 
occurring during crystallization. Aggregation would explain both the limit in diffraction 
resolution that was observed and the large number of crystallization hits during crystal 
screening. Addition of DTT to the CBM buffer prevented crystallization in all of the prev-
iously successful crystallization hits. 
NMR Shift Assignments and CBM Secondary Structure 
The peptide backbone assignments (Hα, HN, Cα, and CO) have been made for all but 
fourteen of the 171 amino acid residues of the CBM, excluding the seven proline residues 
that have no HN shifts. This accounts for 89.2% of the total backbone assignments. Eleven of 
the unassigned residues are present in the N-terminal His-thrombin-tag that was a recombin-
ant addition to the naturally occurring CBM sequence. Side-chain carbon-bound proton 
assignments are 87.5% complete. I am unable to assign any side-chain protons bound to 
sulfur, nitrogen, or oxygen atoms in the experiments listed in the Materials and Methods 
section. The aromatic HSQCs (2D and 3D) and HCCH-TOCSY and COSY were collected 
but could not be properly phased to be useful in assigning aromatic carbon atoms and 
protons. However, by collecting the 2D HB(CBCGCD)HD and HB(CBCGCDCE)HE 
experiments, I could assign aromatic Hδ and Hε atoms. 
Based on the Hα, Hβ, Cα, and Cβ chemical shifts, the secondary structure of the CBM 
was predicted using TALOS (via predicted dihedral angles), Secondary v. 1.0 (courtesy of 
Pau Martin Malpartida from Dr. Maria Macias’ lab, Institute for Research in Biomedicine, 
Barcelona, Spain), and CSI (Wishart et al., 1994; Cornilescu et al., 1999). The determination 
of secondary structure based upon chemical shifts is more accurate than the prediction from 
PSIPRED that was based on amino acid sequence (Wishart et al., 1994; McGuffin et al., 
2000). Figure 13 shows a comparison of the predicted secondary structures by the various 
methods. The predictions from TALOS, Secondary, and CSI show at least nine β-strands. 
These secondary structure predictions are consistent with a β-sandwich fold, the dominant 
fold type for CBMs. 
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Effect of Cellohexaose Saturation on Chemical Shifts 
The backbone assignments provided immediate dividends in shedding light on which 
amino acid residues are involved in ligand binding. Two sets of 2D 15N-TROSYs were 
collected during the early stages of data collection, one with no cellohexaose present and 
another after incubation with cellohexaose. An overlay of these two spectra shows seventeen 
amide backbone N and HN pairings that undergo changes in chemical shift upon binding of 
cellohexaose (Fig. 14). The residues that have changes in chemical shifts are E37, I38, G67, 
C68, V70, C71, I72, N73, A74, T84, K86, S87, L132, W135, W136, and D137. Due to the 
grouping of peaks in the free amino acid region, it cannot be discerned from this figure if 
either A69 or D76 has a change in chemical shifts. Four regions of the primary sequence 
(residues 37–38, 67–74, 84–87 and 132–136) undergo changes in backbone N and HN 
chemical shifts upon ligand binding. All four of these regions are predicted to be β-strands by 
TALOS, Secondary, and CSI. Tryptophan and tyrosine residues are frequently found in 
CBMs and glycoside hydrolase active sites due to their ability to form stacking interactions 
with sugar rings. Both of these residues are found in or adjacent to regions 37–38, 84–87, and 
132–136, so it likely that the side chains of Y36, W83, Y85, W135, and W136 are interacting 
with cellohexaose, causing changes in the chemical environment of the peptide backbone in 
these three regions. Residues 67–74 present a more interesting case, as the closest aromatic 
group is Trp63. This region does contain four residues, C68, C71, N73, and K75, with side 
chains that could hydrogen bond to cellohexaose.  
Figure 13: Secondary structure predictions based on chemical shift (Secondary, CSI, 
and TALOS) or primary sequence (PSIPRED). 
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Peaks associated with the transfer of magnetism between Nε1 and Hε1 of tryptophan side 
chains are present in the lower left hand corner of the spectrum shown in Fig. 14. Three of 
the four tryptophan side chains have changes in chemical shift that indicate their interaction 
with cellohexaose. This includes one peak that has such a dramatic change in chemical shift 
that it can no longer be identified in the 2D-TROSY spectra of the CBM bound to cellohexa-
ose. Unfortunately, since these protons are bound to side chain nitrogen atoms, they can not 
be assigned using the experiments performed. It is possible to hypothesize the identity of the 
residues with which these peaks are associated based upon the chemical shifts present in the 
15N-NOE strips of the unassigned Hε1 protons. Based on analysis of the NOE strips it is 
likely the three peaks which change chemical shift are W83, W135, and W136. This hypoth-
esis is consistent with the peptide backbone regions, which change chemical shift in the 
presence of cellohexaose, discussed in the proceeding paragraph. 
Figure 14: Overlay of 2D-15N TROSYs of the CBM and the CBM saturated with cellohexaose. Amino acid type 
and number identify peaks with changes in chemical shift values. 
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Tertiary Structure Determination 
To date, manual NOE assignment has not yielded a realistic set of NMR structures, 
although it still may solve the CBM tertiary structure. Thus far manual assignment has 
identified approximately 1700 correct NOE assignments. The 17 His-thrombin amino acid 
residues, 11 of which are unassigned, have been removed from the structure calculations. 
This means that each residue has on average 11 NOE assignments. Typically, around 20 
NOE assignments are needed per residue to generate an acceptable set of NMR structures. Of 
those 20 assignments per residue, more than four need to be long-range assignments (amino 
acid residues separated by more than five residues in the amino acid sequence). Based upon 
the current progress of manual assignment, NMR structures are not expected to be ready for 
final refinement before this dissertation is submitted. 
At present, the best RMSD for Cα atoms compared to the average structure is 8.6 Å for 
the set of NMR structures. After final refinement the backbone RMSD should be less than or 
equal to 0.8 Å although, based on inspection of the structures, the RMSDs of small sections 
of amino acid residues appear to be lower. For instance, the two ranges of T65 to V70 and 
Y85 to S89 have signs of anti-parallel β-sheet orientations. These two sections are predicted 
to be β-strands based on their chemical shifts (Fig. 14), although they are still predominately 
shown as coils based on PyMol’s DSS secondary structure determination routine. 
The structure sets generated so far typically lack secondary structural elements. The 
secondary structure predictions from chemical shift are very accurate (Wishart et al. 1994). 
Therefore the final structure set should show good agreement with the predictions in Fig. 13. 
Addition of long-range NOE assignments should increase the presence of secondary structure 
elements. 
The problems with the current structure sets appear to be solely due to an insufficient 
number of long-range NOE assignments. Further optimization and NOE assignment should 
improve the RMSD of the peptide backbone, add to the number of secondary structural 
elements, and reduce the number of violations in the Van der Waals, bond length, bond 
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angle, and dihedral angle potential terms. At present the process of manual assignment is 
incomplete, causing the structure sets to not represent a realistic CBM tertiary structure.  
A more detailed description of the manual NOE assignment problem and automated 
structure calculations can be found in Appendix 2. 
Conclusions 
The binding and thermodynamic properties of novel CBM, CD, and CD/CBM constructs 
have been quantified for a variety of substrates. All three constructs bind cellotetraose, cello-
pentaose, and cellohexaose with increasing affinity. The CBM and CD/CBM have higher 
association constants for CMC than for larchwood xylan, with those for CMC being greater 
by an order of magnitude than those for cellohexaose. Although the CBM bound larchwood 
xylan, no binding of xylotetraose, xylopentaose, or xylohexaose occurred. The presence of 
the CBM on the C-terminus of the CD yielded a synergistic effect on the association con-
stants of cellopentaose and cellohexaose. Binding of all substrates with the three constructs 
resulted in the energetically favorable negative values of ΔG, caused primarily by enthalpic 
effects. 
NMR structure determination of the CBM continues, although chemical shift assignments 
have already provided insight about the CBM. The NMR structures generated thus far have 
large RMSDs for the peptide backbone and often lack secondary structure. Both problems are 
due to an inadequate number of NOE assignments. More constraints, in particular long-range 
ones, are needed per residue to solve the tertiary structure. Chemical shift data of the CBM 
was used to predict the secondary structure, which is composed of at least nine β-strands with 
intervening coils and turns. This suggests the tertiary structure is likely a β-sandwich fold. 
When the CBM is saturated with cellohexaose, changes in chemical shift of the peptide 
backbone occur in four regions, residues 37–38, 67–74, 84–87, and 132–136, of the primary 
structure. These regions are likely involved in binding cellohexaose. 
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Chapter 7. Conclusions 
To reduce the cost of processing lignocellulosic substrates into ethanol, enzymes or 
enzyme systems are needed that have improved hydrolysis rates in either optimal or inhibit-
ory conditions. Several areas of research have been identified with these goals in mind. They 
are: 1) characterization of current cellulases, hemicellulases, and carbohydrate-binding mod-
ules (CBMs); 2) structure-function relationships of cellulases, hemicellulases, and CBMs; 3) 
reaction mechanisms and kinetic models of enzymes; 4) interaction of recalcitrant substrates 
and proteins (catalytic domains or CBMs); 5) designer enzymes (directed or systematic 
evolution of cellulases); 6) synergistic affects of catalytic domain and/or CBM systems 
(cellulosomes and cocktails); 7) chemical entities that enhance the activity of cellulases and 
hemicellulases. 
To this end a GH44 endoglucanase (EG) from Clostridium acetobutylicum was character-
ized both structurally and kinetically (research areas 1 and 2), with a focus on the relationship 
between structure and function (Chapter 3). Crystallization and x-ray diffraction to 2.2-Å 
resolution revealed a TIM barrel-like structure with additional ψ-loop and β-sandwich folds, 
which is similar to other GH44 EG tertiary structures (Kitago et al., 2007; Nam et al., 2009; 
Warner et al., 2010a). The C. acetobuylicum GH44 EG has the same subsite structure as C. 
thermocellum’s GH44 EG, CelJ, which contains nine subsites (five on the reducing side and 
four on the nonreducing side of the scissile bond) to bind the substrate. The function of the β-
sandwich domain is unknown, while the ψ-loop appears to open up the bind cleft to accom-
modate substrates with bulky side chains. The enzyme hydrolyzes cellotetraose and larger 
cellooligosaccharides, yielding an unbalanced product distribution including some glucose. 
Asymmetric cleavage is due to the cellooligosaccarides’ degrees of polymerization being less 
than the number of binding subsites and an apparent preference for binding in subsites hold-
ing the nonreducing end of the substrate. The enzyme attacks carboxymethylcellulose and 
xylan at approximately the same rates. It converts lichenan to oligosaccharides of intermed-
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iate size and attacks Avicel to a limited extent. The enzyme has an optimal temperature in a 
10-min assay of 55°C and an optimal pH of 5.0. 
Kinetic characterization of a GH44 EG from Ruminococcus flavefaciens FD-1 and the 
impact of its novel CBM on activity are discussed in Chapter 4 (research areas 1 and 6). This 
enzyme’s catalytic domain, with and without the CBM, hydrolyzes cellotetraose, cellopenta-
ose, cellohexaose, carboxymethylcellulose (CMC), birchwood and larchwood xylan, lichen-
an, and Avicel, but not cellobiose, cellotriose, mannan, or pullulan. The presence of the CBM 
increases catalytic efficiencies on both CMC and birchwood xylan. Hydrolysis rates increase 
with increasing cellooligosaccharide chain length, with cellopentaose and cellohexaose being 
hydrolyzed faster by the catalytic domain than by the catalytic domain fused to the CBM. 
The products of cellooligosaccharide hydrolysis show both asymmetric cleavage and dispro-
portionate product distributions, indicating the reactions taking place are more complicated 
than hydrolysis alone. 
A reaction model was designed in Chapter 5 that describes disproportionation of hydrol-
ysis products of cellopentaose and cellohexaose by the two EGs discussed in Chapters 4 and 
5 (research areas 1 and 3). In experimental results first presented in Chapter 5, C. acetobutyl-
icum EG slowly converted cellotetraose to more cellotriose than glucose, with no cellobiose 
being formed and with most of the cellotetraose remaining at long incubation times. Cello-
pentaose was hydrolyzed more quickly to cellotetraose, cellobiose, cellotriose, and glucose, 
with a very small amount of cellopentaose remaining. Cellotetraose and glucose were 
produced at approximately a 6:1 ratio. Cellohexaose was even more quickly converted to 
cellotetraose, cellobiose, cellopentaose, cellotriose, and glucose, with the cellopentaose 
concentration decreasing after reaching a peak. No cellohexaose remained after a short time. 
Cellotetraose and cellobiose were produced at a 5:2 ratio. A reaction model, including both 
hydrolysis and transglycosylation, was formulated based on these results and those of R. 
flavefaciens FD-1 EG hydrolysis presented in Chapter 4. The model fit the C. acetobutylicum 
EG data well for the digestions of cellotetraose, cellopentaose, and cellohexaose, while 
agreeing with the absence of measured transglycosylation products in capillary electrophor-
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esis chromatographs due to cellooligosaccharide insolubility or concentrations near or below 
the limit of detection. Lastly, the model was able to fit the cellotetraose and cellopentaose 
digestion data for R. flavefaciens EG (Chapter 4). The cellohexaose digests by this enzyme 
lacked data in the regions of rapidly changing cellooligosaccharide concentrations and thus 
had inadequate fits between experimental points and model predictions. 
Characterization of binding constants and thermodynamic properties of the novel CBM 
associated with the R. flavefaciens catalytic domain and its synergistic effect when the two 
were linked is described in Chapter 6 (research areas 1, 2, and 6). The catalytic domain, 
CBM, and the fusion protein linking them bind cellotetraose, cellopentaose, and cellohexaose 
with increasing affinity. The CBM and fusion protein have larger association constants for 
CMC than for larchwood xylan. No binding of xylotetraose, xylopentaose, or xylohexaose 
with the CBM was observed. A synergistic effect was observed with the fusion protein. The 
binding constants for cellopentoase and cellohexaose with the fusion protein were greater 
than the sum of the binding constants for the catalytic domain and CBM for the respective 
substrates. All binding experiments were energetically favorable and enthalpy-driven.  
NMR studies have not yet generated a valid tertiary structure for the CBM, but they have 
yielded information about secondary structure and amino acid residues likely involved in 
binding cellohexaose (Chapter 6). Structure determination of the CBM is ongoing, as more 
NOE assignments are needed to generate a realistic model of the tertiary structure. Chemical 
shift data of the CBM was used to predict the secondary structure, giving at least nine β-
strands and suggesting that the tertiary structure is likely a β-sandwich fold. The CBM satur-
ated with cellohexaose undergoes changes in chemical shifts of the peptide backbone relative 
to the CBM alone. Identification of the amino acid residues that change chemical shifts upon 
ligand binding sheds light on where the substrate binds. For the CBM these changes occur in 
four regions of the primary structure encompassing residues 37–38, 67–74, 84–87, and 132–
136. These regions contain residues capable of either forming stacking interactions with 
sugar rings or containing side chains that can hydrogen bond to them. 
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The problem of producing ethanol from lignocellulosic materials hinges on overcoming 
substrate recalcitrance. Solutions to improve hydrolysis of these materials will likely be spec-
ific to processing schemes and feedstocks, as they vary greatly in composition. To this end it 
is important to research a variety of cellulases and CBMs, as their individual characteristics 
will align with specific feedstocks and pretreatment methods. Understanding the basic 
science that causes different specificities, reaction conditions, activities, binding affinities, 
and synergism is therefore paramount. This knowledge will help the design of better enzymes 
and enzyme systems for specific processes and feedstocks. It is my hope that the research 
provided in this dissertation will not only expand the understanding of cellulase and CBM 
functionalities, but that it will also generate ideas for future research projects in the field. 
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Appendix 1. Additional Figures and Tables 
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Figure 17: Effect of temperature on enzyme activity in 2% (w/v) CMC and 0.1 M NaOAc buffer, pH 5.0. 
  
Figure 18: Effect of pH on enzyme activity at 25°C in 2% (w/v) CMC and 0.1 M NaOAc buffer for pH 3.5–5.0 
and 0.1 M sodium phosphate buffer for pH 5.5–8.0. 
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Figure 19: Effect of temperature on enzyme thermostability in 10 mM HEPES buffer, pH 7.0. 
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1 atgagaaaatcaacagcatttctgacagcacttgctatggcaggttgtacactgtctgcaccattaggcgtg 
        M  R  K  S  T  A  F  L  T  A  L  A  M  A  G  C  T  L  S  A  P  L  G  V   
    73 ttgcccgaaacaaaggtgaatgcagcaggaggttttgatatgaatatcaaggtagacctcaagggcgagcgc 
        L  P  E  T  K  V  N  A  A  G  G  F  D  M  N  I  K  V  D  L  K  G  E  R   
   145 aaggagataagccctcttatctacggcgttaaccagtataccacagacctcaagagcgtcaagactactgct 
        K  E  I  S  P  L  I  Y  G  V  N  Q  Y  T  T  D  L  K  S  V  K  T  T  A   
   217 gtacgtcagggcggtaaccgtatgactgcttacaactgggagaacaatgcttcaaacgcaggttcggactgg 
        V  R  Q  G  G  N  R  M  T  A  Y  N  W  E  N  N  A  S  N  A  G  S  D  W   
   289 aaacacagttccgataacaacctctcggattcaaatgctcctgctgaggtagttcagagactttccaaggaa 
        K  H  S  S  D  N  N  L  S  D  S  N  A  P  A  E  V  V  Q  R  L  S  K  E 
   361 gctgcaaagtacggcgttgattacaaaatgacaactctccagatggcaggctacgtttcagctgataaggac 
        A  A  K  Y  G  V  D  Y  K  M  T  T  L  Q  M  A  G  Y  V  S  A  D  K  D   
   433 ggcactgtcaaggaagatgaagtcgctccttcaaagcgctggaacgaggtaaagttcacaaagggcgcacct 
        G  T  V  K  E  D  E  V  A  P  S  K  R  W  N  E  V  K  F  T  K  G  A  P   
   505 tttgctgatgagcctgatctgacagacggcgttgtttatatggatgagtacgtaaactacatcatcaataag 
        F  A  D  E  P  D  L  T  D  G  V  V  Y  M  D  E  Y  V  N  Y  I  I  N  K   
   577 ctgggcgattcacagtcacctacaggtatccagggctacagccttgataacgagcctgttctctggaacgat 
        L  G  D  S  Q  S  P  T  G  I  Q  G  Y  S  L  D  N  E  P  V  L  W  N  D   
   649 actcacccgagagttcatcccgagcctgtaactatcgaagagcttggaaacaagtccatcgaacttgctaag 
        T  H  P  R  V  H  P  E  P  V  T  I  E  E  L  G  N  K  S  I  E  L  A  K 
   721 gctgtcaagaagcttgatcctaaggctgagatcttcggacctgcactctatggctacactgctttcgatcac 
        A  V  K  K  L  D  P  K  A  E  I  F  G  P  A  L  Y  G  Y  T  A  F  D  H   
   793 ctcgacgatgacgagcagcatacagaatgggaggacgtaaagtccaagaacaactatcactggtatctggac 
        L  D  D  D  E  Q  H  T  E  W  E  D  V  K  S  K  N  N  Y  H  W  Y  L  D   
   865 tgctatctcgaccagatgaagaaggcttctgaagaagaaggcacccgtctcctcgatgtacttgacatccac 
        C  Y  L  D  Q  M  K  K  A  S  E  E  E  G  T  R  L  L  D  V  L  D  I  H   
   937 tactactcggaatctgcaagaacaggcgctgaggacagagttcagtcagttcgtactctctatgaggaaggc 
        Y  Y  S  E  S  A  R  T  G  A  E  D  R  V  Q  S  V  R  T  L  Y  E  E  G   
  1009 ttctccgagaacagctggatcggtcagtggtgtatgcagaatgtgcctatccttccgactataaagaagtcc 
        F  S  E  N  S  W  I  G  Q  W  C  M  Q  N  V  P  I  L  P  T  I  K  K  S 
  1081 atagatacatactatcccggcacaaagctggctatctcagagtataacttcaagggcggcgaggatacttcc 
        I  D  T  Y  Y  P  G  T  K  L  A  I  S  E  Y  N  F  K  G  G  E  D  T  S   
  1153 ggtactatcgctcaggcagaggcactgggatgcttcgctgatcagggcgtatatctcgcaactctctggggc 
        G  T  I  A  Q  A  E  A  L  G  C  F  A  D  Q  G  V  Y  L  A  T  L  W  G   
  1225 ggtgagccattcatcatctcaggtatcaacctctacactaactacgacggcaagggcggatgcttcggtgat 
        G  E  P  F  I  I  S  G  I  N  L  Y  T  N  Y  D  G  K  G  G  C  F  G  D   
  1297 actctcatccctgcttctactgaagatgtatcaaagtccagcacatacgctgctgttaacgacggcgatgag 
        T  L  I  P  A  S  T  E  D  V  S  K  S  S  T  Y  A  A  V  N  D  G  D  E   
  1369 tcaaaggtaactgtcatgatcaccaacaagaatatgacagaagctgagaacgctgttatcgaccttgagaat 
        S  K  V  T  V  M  I  T  N  K  N  M  T  E  A  E  N  A  V  I  D  L  E  N 
  1441 gcttcaaaggactacaagtcagctgctgtttacgctgtatacggcgacaacgatcaggtaagacttctcgac 
        A  S  K  D  Y  K  S  A  A  V  Y  A  V  Y  G  D  N  D  Q  V  R  L  L  D   
  1513 atcgtaaaggatgtcaaggataacaaggtaaatgttgagcttcctgctttctcagctgcaatggtagttgta 
        I  V  K  D  V  K  D  N  K  V  N  V  E  L  P  A  F  S  A  A  M  V  V  V   
  1585 tccgatgacgccgctgctttcgacggtgagaagatatacgaggaaaagaaggtaaccgagaagactgaggaa 
        S  D  D  A  A  A  F  D  G  E  K  I  Y  E  E  K  K  V  T  E  K  T  E  E   
  1657 ttcaaggatccttcttcaatgataaataagaacggctatgttgaaattccgataacagatcctgagcacctc 
        F  K  D  P  S  S  M  I  N  K  N  G  Y  V  E  I  P  I  T  D  P  E  H  L   
  1729 tcaaagatcgttatcaacggcgatgttacatcaagtgcaggttcaggctgggcaacagcaggctgtgcagta 
        S  K  I  V  I  N  G  D  V  T  S  S  A  G  S  G  W  A  T  A  G  C  A  V 
  1801 tgcatcaacgcaaaggacaaggccggcaaggatttctggacatacaagagctacagtctcccgctgggcaag 
        C  I  N  A  K  D  K  A  G  K  D  F  W  T  Y  K  S  Y  S  L  P  L  G  K   
  1873 ggtcagtccgctatcgtaaagtttgacggcacactcacaaagaccacaggtgaaggtgaggacaaggtatca 
        G  Q  S  A  I  V  K  F  D  G  T  L  T  K  T  T  G  E  G  E  D  K  V  S   
  1945 gaggatcttgaagcatacgttgctgacggcaaggtagagctccagaagtggtgggatgcttccgaaaagggc 
        E  D  L  E  A  Y  V  A  D  G  K  V  L  Q  K  W  W  D  A  S  E  K  G  E   
  2017 gatcccgatgatgcaacaaaggataagatcgaagttgaatacacaagcatccaggtagtttatgagtacgct 
        D  P  D  D  A  T  K  D  K  I  E  V  E  Y  T  S  I  Q  V  V  Y  E  Y  A   
  2089 gagggtgatgagccgcagacagagaccacaactactacagctgctacaacatccgctgcaaccacaacaact 
        E  G  D  E  P  Q  T  E  T  T  T  T  T  A  A  T  T  S  A  A  T  T  T  T 
  2161 acagtttcttccgaaactcccgcaaacgtaacatacggcgatgctaactgcgacggtactgttgatatctca 
        T  V  S  S  E  T  P  A  N  V  T  Y  G  D  A  N  C  D  G  T  V  D  I  S   
  2233 gatgctgttatcatcatgcagtctatctccaatccttctaagtataagctgacagaacagggcaaggcaaac 
        D  A  V  I  I  M  Q  S  I  S  N  P  S  K  Y  K  L  T  E  Q  G  K  A  N   
  2305 gctgactgctcaggcaacagcgacggcgttacaaatgcagatgctcttgctatccagaagttaatgctcaag 
        A  D  C  S  G  N  S  D  G  V  T  N  A  D  A  L  A  I  Q  K  L  M  L  K   
  2377 cttatcgacaagcttcccgaagcataatga 
        L  I  D  K  L  P  E  A  -  - 
 
Figure 20: celB	  gene	  encoding	  CelB	  including	  amino	  acid	  sequence.	  Bold	  letters	  indicate	  amino	  acids	  that	  differ	  from	  the	  published	  CelB	  sequence.	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Figure 21: CEC and reaction model predictions of A) cellohexaose; B) cellopentaose; and C) cellotetraose 
hydrolyses by R. flavefaicens CD. Model predictions for transglycosylation products of D) cellohexaose 
digestion and E) cellopentaose digestion by C. acetobutylicum GH44 EG. Model predictions are shown as 
solid or dashed lines for glucose, black; cellobiose, light blue; cellotriose, light red; cellotetraose, light green; 
cellopentaose, purple, cellohexaose, orange; celloheptaose, bright blue; cellooctaose, bright red; and cello-
nonaose, bright green. Measured data are shown as symbols with the same colors as the model predictions. 
Symbols: glucose, ; cellobiose, ; cellotriose, ; cellotetraose, ×; cellopentaose, ; and cellohexoase, +. 
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Figure 21 (cont.) 
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Figure 22: CEC and reaction model predictions of A) cellohexaose; B) cellopentaose; and C) cellotetraose 
hydrolyses by R. flavefaicens CD/CBM. Model predictions for transglycosylation products of D) cellohexa-
ose digestion and E) cellopentaose digestion by C. acetobutylicum GH44 EG. Model predictions are shown 
as solid or dashed lines for glucose, black; cellobiose, light blue; cellotriose, light red; cellotetraose, light 
green; cellopentaose, purple, cellohexaose, orange; celloheptaose, bright blue; cellooctaose, bright red; and 
cellononaose, bright green. Measured data are shown as symbols with the same colors as the model predic-
tions. Symbols: glucose, ; cellobiose, ; cellotriose, ; cellotetraose, ×; cellopentaose, ; and cellohexa-
ose, +. 
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Figure 22 (cont.) 
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Table 11: Kinetic rate coefficients for hydrolytic reactions and association/dissociation of R. flavefaciens CD–
substrate complexes for hydrolysis. The indices j and k represent the products of hydrolysis. 
 Description Rate Coefficients 
k4,H, L/mmol-min Association coefficient for hydrolytic complexes 0.2585 
k-4,H, 1/min Dissociation coefficient for hydrolytic complexes 122.8 
k5,H, L/mmol-min Association coefficient for hydrolytic complexes 49.98 
k-5,H, 1/min Dissociation coefficient for hydrolytic complexes 89.31 
k6,H, L/mmol-min Association coefficient for hydrolytic complexes   493.2 
k-6,H, 1/min Dissociation coefficient for hydrolytic complexes 2.073 
k7,H, L/mmol-min Association coefficient for hydrolytic complexes 144.3 
k-7,H, 1/min Dissociation coefficient for hydrolytic complexes 116.9 
k8,H, L/mmol-min Association coefficient for hydrolytic complexes 247.3 
k-8,H, 1/min Dissociation coefficient for hydrolytic complexes 76.41 
k9,H, L/mmol-min Association coefficient for hydrolytic complexes 217.1 
k-9,H, 1/min Dissociation coefficient for hydrolytic complexes 57.94 
k4,3,1,H, 1/min Hydrolytic rate coefficient 50.68 
k5,4,1,H, 1/min Hydrolytic rate coefficient 71.46 
k5,3,2,H, 1/min Hydrolytic rate coefficient 1.167 
k6,5,1,H, 1/min Hydrolytic rate coefficient 64.00 
k6,4,2,H, 1/min Hydrolytic rate coefficient 495.6 
k6,3,3,H, 1/min Hydrolytic rate coefficient 0.003423 
k7,6,1,H, 1/min Hydrolytic rate coefficient 121.4 
k7,5,2,H, 1/min Hydrolytic rate coefficient 61.26 
k7,4,3,H, 1/min Hydrolytic rate coefficient 140.8 
k8,7,1,H, 1/min Hydrolytic rate coefficient 95.36 
k8,6,2,H, 1/min Hydrolytic rate coefficient 51.71 
k8,5,3,H, 1/min Hydrolytic rate coefficient 56.65 
k8,4,4,H, 1/min Hydrolytic rate coefficient 243.7 
k9,8,1,H, 1/min Hydrolytic rate coefficient 121.6 
k9,7,2,H, 1/min Hydrolytic rate coefficient 42.78 
k9,6,3,H, 1/min Hydrolytic rate coefficient 67.69 
k9,5,4,H, 1/min Hydrolytic rate coefficient 201.2 
  
 
 Sum of hydrolytic 
coefficients 
k4,3,1,H, 1/min Sum of hydrolytic coefficients for cellotetraose 50.68 
k5,j,k,H, 1/min Sum of hydrolytic coefficients for cellopentaose 72.62 
k6,j,k,H, 1/min Sum of hydrolytic coefficients for cellohexaose 559.6 
k7,j,k,H, 1/min Sum of hydrolytic coefficients for celloheptaose 323.5 
k8,j,k,H, 1/min Sum of hydrolytic coefficients for cellooctaose 447.4 
k9,j,k,H, 1/min Sum of hydrolytic coefficients for cellononaose 433.4 
 
  
 110 
Table 12: Kinetic rate coefficients for transglycosylation reactions and association/dissociation of R. flave-
faciens CD–substrate complexes for transglycosylation. The indices j and k represent the aglycon reactant and 
transglycosylation product, respectively. 
 Description Rate Constants 
k5,T, L/mmol-min Association coefficient for transglycosylation complexes 10.23 
k-5,T, 1/min Dissociation coefficient for transglycosylation complexes 128.2 
k6,T, L/mmol-min Association coefficient for transglycosylation complexes 30.00 
k-6,T, 1/min Dissociation coefficient for transglycosylation complexes 135.9 
k7,T, L/mmol-min Association coefficient for transglycosylation complexes 204.1 
k-7,T, 1/min Dissociation coefficient for transglycosylation complexes 96.21 
k8,T, L/mmol-min Association coefficient for transglycosylation complexes 70.85 
k-8,T, 1/min Dissociation coefficient for transglycosylation complexes 152.2 
k5.1.6, T, 1/min Transglycosylation rate coefficient 31.86 
k5.2.7, T, 1/min Transglycosylation rate coefficient 215.0 
k5.3.8, T, 1/min Transglycosylation rate coefficient 73.97 
k5.4.9, T, 1/min Transglycosylation rate coefficient 0.3781 
k6.1.7, T, 1/min Transglycosylation rate coefficient 90.34 
k6.2.8, T, 1/min Transglycosylation rate coefficient 202.6 
k6.3.9, T, 1/min Transglycosylation rate coefficient 100.9 
k7.1.8, T, 1/min Transglycosylation rate coefficient 86.08 
k7.2.9, T, 1/min Transglycosylation rate coefficient 148.1 
k8.1.9, T, 1/min Transglycosylation rate coefficient 104.0 
   
 
 Sum of 
transglycosylation 
coefficients 
k5,j,k, T, 1/min Sum of transglycosylation coefficients for cellopentaose 321.2 
k6,j,k, T, 1/min Sum of transglycosylation coefficients for cellohexaose 393.9 
k7,j,k, T, 1/min Sum of transglycosylation coefficients for celloheptaose 234.2 
k8,1,9, T, 1/min Sum of transglycosylation coefficients for cellooctaose 104.0 
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Table 13: Objective function and sum of squares values of the data for the individual  
species curves of the R. flavefaciens CD digests of cellohexaose, cellopentaose, and cello- 
tetraose. 
 Objective Function, mM2 Sum of Squares, mM2 
Cellohexaose Digestion   
Glucose 1.94 0.7575 
Cellobiose 10.22 0.5855 
Cellotriose 7.02 0.3618 
Cellotetraose 31.83 0.2836 
Cellopentaose 1.062 0.6201 
Cellohexaose  9.603 0.01736 
Sum 61.69 2.609 
   
Cellopentaose Digestion   
Glucose 0.1533 19.20 
Cellobiose 0.2331 0.4497 
Cellotriose 0.5369 1.142 
Cellotetraose 0.5171 30.18 
Cellopentaose 1.295 34.53 
Sum 2.735 85.51 
   
Cellotetraose Digestion   
Glucose 0.8053 0.03596 
Cellobiose  0 0 
Cellotriose 0.2064 0.2825 
Cellotetraose 0.3053 0.1763 
Sum 1.317 0.4948 
   
Overall Sum 65.74 88.62 
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Table 14: Kinetic rate coefficients for hydrolytic reactions and association/dissociation of R. flavefaciens 
CelB/CBM–substrate complex for hydrolysis. The indices j and k represent the products of hydrolysis. 
 Description Rate Coefficients 
k4,H, L/mmol-min Association coefficient for hydrolytic complexes 0.5014 
k-4,H, 1/min Dissociation coefficient for hydrolytic complexes 66.45 
k5,H, L/mmol-min Association coefficient for hydrolytic complexes 13.09 
k-5,H, 1/min Dissociation coefficient for hydrolytic complexes 90.46 
k6,H, L/mmol-min Association coefficient for hydrolytic complexes 188.8 
k-6,H, 1/min Dissociation coefficient for hydrolytic complexes 24.47 
k7,H, L/mmol-min Association coefficient for hydrolytic complexes 24.84 
k-7,H, 1/min Dissociation coefficient for hydrolytic complexes 65.96 
k8,H, L/mmol-min Association coefficient for hydrolytic complexes 173.6 
k-8,H, 1/min Dissociation coefficient for hydrolytic complexes 28.41 
k9,H, L/mmol-min Association coefficient for hydrolytic complexes 139.5 
k-9,H, 1/min Dissociation coefficient for hydrolytic complexes 41.34 
k4,3,1,H, 1/min Hydrolytic rate coefficient 32.18 
k5,4,1,H, 1/min Hydrolytic rate coefficient 44.56 
k5,3,2,H, 1/min Hydrolytic rate coefficient 5.321 
k6,5,1,H, 1/min Hydrolytic rate coefficient 6.491 
k6,4,2,H, 1/min Hydrolytic rate coefficient 235.1 
k6,3,3,H, 1/min Hydrolytic rate coefficient 0.003423 
k7,6,1,H, 1/min Hydrolytic rate coefficient 80.61 
k7,5,2,H, 1/min Hydrolytic rate coefficient 33.68 
k7,4,3,H, 1/min Hydrolytic rate coefficient 46.46 
k8,7,1,H, 1/min Hydrolytic rate coefficient 47.28 
k8,6,2,H, 1/min Hydrolytic rate coefficient 8.884 
k8,5,3,H, 1/min Hydrolytic rate coefficient 0.2757 
k8,4,4,H, 1/min Hydrolytic rate coefficient 175.1 
k9,8,1,H, 1/min Hydrolytic rate coefficient 120.9 
k9,7,2,H, 1/min Hydrolytic rate coefficient 24.33 
k9,6,3,H, 1/min Hydrolytic rate coefficient 11.74 
k9,5,4,H, 1/min Hydrolytic rate coefficient 74.20 
  
 
 Sum of Hydrolytic 
coefficients 
k4,3,1,H, 1/min Sum of hydrolytic coefficients for cellotetroase 32.18 
k5,j,k,H, 1/min Sum of hydrolytic coefficients for cellopentaose 49.88 
k6,j,k,H, 1/min Sum of hydrolytic coefficients for cellohexaose 241.6 
k7,j,k,H, 1/min Sum of hydrolytic coefficients for celloheptaose 160.7 
k8,j,k,H, 1/min Sum of hydrolytic coefficients for cellooctaose 231.5 
k9,j,k,H, 1/min Sum of hydrolytic coefficients for cellononaose 231.2 
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Table 15: Kinetic rate coefficients for transglycosylation reactions and association/dissociation of R. 
flavefaciens CD/CBM-substrate complex for transglycosylation. The indices j and k represent the aglycon 
reactant and transglycosylation product, respectively. 
 Description Rate Constants 
k5,T, L/mmol-min Association coefficient for transglycosylation complexes 4.339 
k-5,T, 1/min Dissociation coefficient for transglycosylation complexes 149.9 
k6,T, L/mmol-min Association coefficient for transglycosylation complexes 33.17 
k-6,T, 1/min Dissociation coefficient for transglycosylation complexes 87.70 
k7,T, L/mmol-min Association coefficient for transglycosylation complexes 149.7 
k-7,T, 1/min Dissociation coefficient for transglycosylation complexes 39.30 
k8,T, L/mmol-min Association coefficient for transglycosylation complexes 73.79 
k-8,T, 1/min Dissociation coefficient for transglycosylation complexes 88.53 
k5.1.6, T, 1/min Transglycosylation rate coefficient 11.41 
k5.2.7, T, 1/min Transglycosylation rate coefficient 114.3 
k5.3.8, T, 1/min Transglycosylation rate coefficient 12.73 
k5.4.9, T, 1/min Transglycosylation rate coefficient 0.02177 
k6.1.7, T, 1/min Transglycosylation rate coefficient 41.76 
k6.2.8, T, 1/min Transglycosylation rate coefficient 116.5 
k6.3.9, T, 1/min Transglycosylation rate coefficient 61.76 
k7.1.8, T, 1/min Transglycosylation rate coefficient 79.09 
k7.2.9, T, 1/min Transglycosylation rate coefficient 68.58 
k8.1.9, T, 1/min Transglycosylation rate coefficient 33.45 
   
 
 Sum of transglycosylation 
coefficients 
k5,j,k, T, 1/min Sum of transglycosylation coefficients for cellopentaose 138.5 
k6,j,k, T, 1/min Sum of transglycosylation coefficients for cellohexaose 220.0 
k7,j,k, T, 1/min Sum of transglycosylation coefficients for celloheptaose 147.6 
k8,1,9, T, 1/min Sum of transglycosylation coefficients for cellooctaose 33.45 
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 Table 16: Objective function and sum of squares values of the data for the individual  
species curves of the R. flavefaciens CD/CBM digests of cellohexaose, cellopentaose,  
and cellotetraose. 
 Objective Function, mM2 Sum of Squares, mM2 
Cellohexaose Digestion   
Glucose 2.233 1.503 
Cellobiose 7.414 6.196 
Cellotriose 6.807 1.101 
Cellotetraose 25.18 13.19 
Cellopentaose 2.490 1.486 
Cellohexaose 0.5946 9.839 
Sum 44.72 23.48 
   
Cellopentaose Digestion   
Glucose 1.489 27.58 
Cellobiose 0.1276 0.4879 
Cellotriose 0.7834 2.33 
Cellotetraose 1.022 41.19 
Cellopentaose 0.924 51.09 
Sum 4.347 122.7 
   
Cellotetraose Digestion   
Glucose 5.272 1.696 
Cellobiose 0.1355 0.1289 
Cellotriose 1.374 0.3556 
Cellotetraose 1.831 0.5399 
Sum 8.478 2.592 
   
Overall Sum 57.55 148.7 
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Figure 24: a) ITC binding plot for the addition of 10 mM cellotetraose into 0.3 mM CBM at 25 °C, b) 10 mM 
cellopentaose into 0.15 mM CBM at 25 °C, c) 5 mM cellohexaose into 0.161 mM CBM at 25 °C, d) 0.33 mM 
carboxymethylcellulose into 0.1 mM CBM at 25 °C and e) 0.45 mM larchwood xylan into 0.1 mM CBM at 25 
°C. The upper plots shows the raw heats of binding and lower plots show the integrated heats of binding 
excluding dilution effects. 
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Figure 26: a) ITC binding plot for the addition of 10 mM celloptetraose into 0.07 mM CelB EQ210 at 25°C, b) 
10 mM cellopentaose into 0.07 mM CelB EQ210 at 25 C, c) 5 mM cellohexaose into 0.07 mM CelB EQ210 at 
25°C, d) 0.33 mM carboxymethylcellulose into 0.05 mM CelB EQ210 at 25°C and e) 0.45 mM larchwood 
xylan into 0.05 mM CelB EQ210 at 25°C. The upper plots shows the raw heats of binding and lower plots show 
the integrated heats of binding excluding dilution effects. 
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Appendix 2. Additional Research and Methods 
Gene Sequencing Discussion/Results on celB Gene 
The pBAW101 plasmid contains the celB gene in the pBluescript SK(–) plasmid (Vercoe 
et al., 1995) (Stratagene). Plasmid DNA was prepared by growing Escherichia coli XL1–
Blue (Stratagene) pBAW101 in 50 mL of LB media (LB; 1% tryptone, 0.5% yeast extract, 
and 1% NaCl) supplemented with 50 µg/mL carbenicillin overnight at 37°C and 250 rpm in a 
Queue® radial shaker. Carbenicillin was used in place of ampicillin because carbenicillin is 
more stable in the presence of β-lactamase, the enzyme responsible for ampicillin degradat-
ion and resistance. Thus carbenicillin allows maintenance of selective pressure against amp-
icillin-resistant clones for longer time periods than ampicillin. Cells were harvested by centri-
fugation at 10,000g and 4°C for 15 min in a Beckman JA–20 rotor using a Beckman J2–21 
centrifuge. The pBAW101 plasmid was extracted using Qiagen’s QIAprep Spin Miniprep 
Kit, according to their standard vacuum manifold protocol for endA+ strains and was eluted 
with sterile 10 mM Tris-HCl, pH 8.5. DNA concentration was quantified spectrophotomet-
rically at 260 nm using a Nanodrop-1000.  
pBAW101 was submitted to the Iowa State University DNA Facility (ISU-DSSF) for 
sequencing. The following primers were used: T7-1, 5’ATTACTACTCACTATAG3’; 
pBAW1r, 5’ATACCTTGTCCTCACCTT; pBAW2f, 5’GAAGTCGCTCCTTCAAAG3’; 
pBAW2r, TCAGCGAAGCATCCCAGT3’; pBAW3f, TGCAAGAACAGGCGCTGA3’; 
pBAW3r, 5’TTGACAGTGCCGTCCTTA3’; pBAW4f, 5’AGTTTGACGGCACACTCA3’; 
and pBAWalk1, 5’ACTACAAGTCAGCTGCTG3’. Primers were designed such that both 
the coding and noncoding strands of celB were sequenced. Sequencing results for each pri-
mer were aligned with one another in pairwise fashion using ClustalX v1.83. The alignments 
were compared to one another and a consensus sequence for celB was determined. Figure 20 
in Appendix 1 shows the correct celB gene encoding the mature protein and the resulting 
amino acid sequence. The correctly sequenced celB gene shows an improved alignment of 
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CelB with its R. flavefaciens 17 analog, EndB. As previously mentioned, the correct celB 
gene encodes an amino acid sequence that shows the same domain structure as EndB, 
including the novel CBM, threonine-rich linker, and dockerin domain. 
Manual Assignment of NOEs and Automated Structure Determination 
Prior to manual assignment of the NOEs an automated assignment with PASD/Marvin 
(Nilges et al., 1988a,b,c; Clore et al., 1989) in XPLOR-NIH was attempted. Automated 
assignments frequently fail to create reliable models of tertiary structure but, considering the 
relatively short time period required to attempt automated assignment compared to manual 
assignments, they are worth giving a shot. Unfortunately, PASD/Marvin yielded no con-
verged structures with any secondary structure elements. Furthermore, PASD/Marvin was 
unable to identify long range NOEs that were identifiable via manual assignment therefore I 
proceeded with manual NOE assignments. 
The process of manually assigning NOEs is an iterative process composed of three steps: 
identification and assignment of NOEs; preparation of molecular dynamics (MD) scripts; and 
analysis of output structures and violated NOEs. 
Two types of NOEs are identified during manual assignment, ambiguous and non-ambig-
uous NOEs. Non-ambiguous assignments involve NOE peaks of a known proton, based on 
either 13C or 15N chemical shift and 1H chemical shift, and an unidentified proton with a 
unique chemical shift. Because of the unidentified proton’s chemical shift, it can be easily 
identified from chemical shift assignments in CARA’s repository. Ambiguous NOEs are only 
a small population of the total NOEs present but serve as good constraints for early simulat-
ions due to high confidence in the validity of their assignments. 
Ambiguous assignments involve NOE peaks of a known proton and an unidentified 
proton with a chemical shift that could be assigned to more than one proton. The resolutions 
of the 15N and 13C-NOESY spectra, along the axis associated with assigning chemical shift to 
an unknown NOE proton, are 0.047 ppm and 0.055 ppm. For an unidentified NOE with a 
chemical shift of 1.694 ppm, this means 26 different proton assignments must be considered. 
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Between the two NOESY spectra, over 14,604 peaks can be identified, with 1013 being 
diagonal peaks with known identities. That leaves 13,591 peaks that could be identified. If 
even 50% of these peaks were ambiguous the number of NOE assignment combinations 
would be staggering and unsolvable by brute force computation. Therefore, ambiguous 
assignments must be made carefully using information known about the structure to elimin-
ate unlikely assignments or prioritize likely assignments based on secondary structure 
elements and identity of nearby protons. Knowledge about distances of protons in specific 
residues is also helpful in dealing with ambiguous NOEs.  
Once a set of NOE assignments is ready to be used to constrain a MD simulation the 
peaks must be integrated so the distance restraints can be generated for each NOE constraint. 
At this point the XPLOR-NIH MD script and input files need to be modified to set-up the 
potential functions and protein structure file (PSF). 
Two types of PSFs have been used so far: the first includes the His-Thrombin-tag with 11 
unassigned residues; the second excludes the tagged region because the unassigned residues 
have no NOE constraints. Predictably the simulations performed the tagged excluded have 
provided structure sets with lower root mean square deviations (RMSDs). 
The potential functions that are optional include dihedral angle, J-coupling, and hydrogen 
bond constraints. Other potential functions included are NOE restraints and potential, gyrat-
ion potential, compression potential, torsion angle restraints and potential, atom-atom repul-
sive terms (Van der Waals, VDW), non-bonded interaction of Cα terms, bond length and 
angle potentials. Dihedral angle predictions from TALOS were used as restraints in the 
dihedral angle potential term. JHNHα values were calculated from the HNHA spectra but have 
not been used as restraints in the J-coupling potential term due to secondary structure predic-
tion that is unrealistic and deviates dramatically from those of TALOS, Secondary, and CSI. 
When analyzing the structure sets prior to final refinement, it is important to look at the 
RMSD of the Cα compared to the average structure, number of violations (NOE, bond 
length, bond angle, VDW, and dihedral angles), specific violations, secondary structure 
elements, and if the model is realistic based on knowledge about the function of the protein. 
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Appendix 3. MATLAB Scripts 
ga_all.m 
function [x,fval,exitflag,output,population,score] = 
ga_all(nvars,lb,MigrationFraction_Data,Generations_Data,TolFun_Data) 
 
% This is an auto generated M-file from Optimization Tool. 
lb=[0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0]; 
 
% Start with the default options 
options = gaoptimset; 
% Modify options setting 
options = gaoptimset(options,'MigrationDirection', 'both'); 
options = gaoptimset(options,'MigrationFraction', 0.532); 
options = gaoptimset(options,'Generations', 10000); 
options = gaoptimset(options,'TolFun', 1e-9); 
options = gaoptimset(options,'Display', 'iter'); 
options = gaoptimset(options,'OutputFcns', { [] }); 
[x,fval,exitflag,output,population,score] = ... 
ga(@objfunc_g_alldata,47,[],[],[],[],lb,[],[],options); 
 
xlswrite('k_f_all',x) 
objfunc_alldata.m  
(Data modified based on the enzyme or construct used for digestion) 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Subroutine J=objfunc_c69_fmc(k, t_data, C_data)            % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
function J=objfunc_g_alldata(k) 
%%%%%%%%%%%%%%%%%%%%%%%%Cellohexaose Info%%%%%%%%%%%%%%%%%%%%% 
% Input data 
% tspan: time 
tspan=[0;0.500000000000000;4.50000000000000;8.50000000000000;12.5000000000000;16.5000000000000;2
0.5000000000000;24.5000000000000;28.5000000000000;32.5000000000000;36.5000000000000;40.50000000
00000;44.5000000000000;48.5000000000000;52.5000000000000;64.5000000000000;68.5000000000000;72.5
000000000000;76.5000000000000;96.5000000000000]; 
C61_data=[0;0.100000000000000;0.0800000000000000;0.0400000000000000;0.200000000000000;0.0600000
000000000;0.0600000000000000;0.0800000000000000;0.0900000000000000;0.0500000000000000;0.050000
0000000000;0.0500000000000000;0.0500000000000000;0.0400000000000000;0.0400000000000000;0.14000
0000000000;0.130000000000000;0.160000000000000;0.160000000000000;0.180000000000000]; 
C62_data=[0;0.530000000000000;0.970000000000000;1.20000000000000;1.24000000000000;1.26000000000
000;1.23000000000000;1.31000000000000;1.36000000000000;1.32000000000000;1.31000000000000;1.3600
0000000000;1.32000000000000;1.40000000000000;1.41000000000000;1.39000000000000;1.2900000000000
0;1.43000000000000;1.40000000000000;1.45000000000000]; 
C63_data=[0;0;0.320000000000000;0.420000000000000;0.460000000000000;0.480000000000000;0.4800000
00000000;0.500000000000000;0.500000000000000;0.500000000000000;0.530000000000000;0.53000000000
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0000;0.530000000000000;0.550000000000000;0.570000000000000;0.570000000000000;0.590000000000000;
0.600000000000000;0.590000000000000;0.620000000000000]; 
C64_data=[0;1.18000000000000;2.18000000000000;2.71000000000000;2.88000000000000;2.9300000000000
0;2.99000000000000;3.01000000000000;3.04000000000000;3.07000000000000;3.11000000000000;3.130000
00000000;3.16000000000000;3.17000000000000;3.18000000000000;3.25000000000000;3.32000000000000;3
.27000000000000;3.27000000000000;3.29000000000000]; 
C65_data=[0;0.460000000000000;0.760000000000000;0.770000000000000;0.730000000000000;0.700000000
000000;0.650000000000000;0.590000000000000;0.550000000000000;0.550000000000000;0.5000000000000
00;0.470000000000000;0.450000000000000;0.410000000000000;0.380000000000000;0.310000000000000;0.
280000000000000;0.260000000000000;0.280000000000000;0.220000000000000]; 
C66_data=[3.20000000000000;1.83600000000000;0.622000000000000;0.131000000000000;0;0;0;0;0;0;0;0;0;
0;0;0;0;0;0;0;]; 
C6_data=[C61_data, C62_data, C63_data, C64_data, C65_data, C66_data]; 
% Initial values for C1...Cn, EhC1...EhCn, EtC1....EtCn-1, E 
 
c60=[0.0; 0.0; 0.0; 0.0; 0.0; 3.229; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.00212]; % 
Modify c0 as needed 
 
% Use ODE solver to solve reaction model 
 
options=odeset('RelTol',1.0e-6, 'AbsTol', 1.0e-6); 
[x,C6]=ode15s(@ode_c9,tspan,c60,options,k); 
 
C61=C6(:,1); 
C62=C6(:,2); 
C63=C6(:,3); 
C64=C6(:,4); 
C65=C6(:,5); 
C66=C6(:,6); 
C6s=[C61,C62,C63,C64,C65,C66]; 
 
%%%%%%%%%%%%%%%%%%%%% Cellopentaose Info %%%%%%%%%%%%%%%%%%%%%%% 
% Input data 
% tspan: time 
tspan=[0;0.500000000000000;4.50000000000000;8.50000000000000;12.5000000000000;16.5000000000000;2
0.5000000000000;24.5000000000000;28.5000000000000;32.5000000000000;36.5000000000000;40.50000000
00000;44.5000000000000;48.5000000000000;52.5000000000000;56.5000000000000;60.5000000000000;64.5
000000000000;68.5000000000000;72.5000000000000;76.5000000000000;80.5000000000000;84.5000000000
000;88.5000000000000;92.5000000000000;96.5000000000000;106.500000000000;116.500000000000;126.50
0000000000;136.500000000000;146.500000000000;156.500000000000;166.500000000000;176.50000000000
0;186.500000000000;196.500000000000;206.500000000000;216.500000000000;226.500000000000;236.5000
00000000;246.500000000000;266.500000000000;286.500000000000;306.500000000000;326.500000000000;3
46.500000000000;366.500000000000;386.500000000000;406.500000000000;446.500000000000;566.5000000
00000;626.500000000000;686.500000000000;746.500000000000;806.500000000000;866.500000000000]; 
C51_data=[0;0.0500000000000000;0.0300000000000000;0.0500000000000000;0.0700000000000000;0.10000
0000000000;0.110000000000000;0.140000000000000;0.160000000000000;0.200000000000000;0.130000000
000000;0.210000000000000;0.230000000000000;0.230000000000000;0.250000000000000;0.2900000000000
00;0.250000000000000;0.310000000000000;0.300000000000000;0.320000000000000;0.370000000000000;0.
370000000000000;0.390000000000000;0.360000000000000;0.370000000000000;0.380000000000000;0.4000
00000000000;0.430000000000000;0.450000000000000;0.460000000000000;0.470000000000000;0.49000000
0000000;0.520000000000000;0.480000000000000;0.500000000000000;0.500000000000000;0.500000000000
000;0.500000000000000;0.550000000000000;0.500000000000000;0.610000000000000;0.510000000000000;0
.510000000000000;0.540000000000000;0.640000000000000;0.560000000000000;0.600000000000000;0.6000
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00000000000;0.550000000000000;0.610000000000000;0.760000000000000;0.610000000000000;0.57000000
0000000;0.570000000000000;0.630000000000000;0.570000000000000]; 
C52_data=[0;0.160000000000000;0.210000000000000;0.300000000000000;0.270000000000000;0.330000000
000000;0.380000000000000;0.390000000000000;0.420000000000000;0.430000000000000;0.4600000000000
00;0.500000000000000;0.550000000000000;0.660000000000000;0.630000000000000;0.680000000000000;0.
750000000000000;0.690000000000000;0.740000000000000;0.770000000000000;0.800000000000000;0.8300
00000000000;0.820000000000000;0.890000000000000;0.880000000000000;0.910000000000000;0.95000000
0000000;1;1.04000000000000;1.07000000000000;1.06000000000000;1.10000000000000;1.11000000000000;
1.15000000000000;1.15000000000000;1.15000000000000;1.18000000000000;1.29000000000000;1.23000000
000000;1.29000000000000;1.15000000000000;1.26000000000000;1.24000000000000;1.25000000000000;1.3
9000000000000;1.29000000000000;1.37000000000000;1.24000000000000;1.28000000000000;1.2700000000
0000;1.24000000000000;1.27000000000000;1.27000000000000;1.25000000000000;1.28000000000000;1.240
00000000000]; 
C53_data=[0;0;0.130000000000000;0.120000000000000;0.110000000000000;0.150000000000000;0.1700000
00000000;0.210000000000000;0.240000000000000;0.270000000000000;0.300000000000000;0.32000000000
0000;0.350000000000000;0.370000000000000;0.400000000000000;0.420000000000000;0.450000000000000;
0.480000000000000;0.510000000000000;0.520000000000000;0.550000000000000;0.570000000000000;0.590
000000000000;0.600000000000000;0.630000000000000;0.670000000000000;0.680000000000000;0.7300000
00000000;0.800000000000000;0.800000000000000;0.840000000000000;0.860000000000000;0.89000000000
0000;0.890000000000000;0.910000000000000;0.930000000000000;0.940000000000000;0.930000000000000;
1;0.980000000000000;0.720000000000000;0.970000000000000;0.970000000000000;1;1.05000000000000;1.0
1000000000000;1;1.05000000000000;1.03000000000000;1.03000000000000;1.07000000000000;1.070000000
00000;1.12000000000000;1.05000000000000;1.05000000000000;1.06000000000000]; 
C54_data=[0;0.170000000000000;0.310000000000000;0.710000000000000;0.600000000000000;0.840000000
000000;0.870000000000000;1.02000000000000;1.15000000000000;1.30000000000000;1.42000000000000;1.
55000000000000;1.66000000000000;1.75000000000000;1.88000000000000;1.92000000000000;2.020000000
00000;2.16000000000000;2.25000000000000;2.31000000000000;2.37000000000000;2.46000000000000;2.53
000000000000;2.57000000000000;2.64000000000000;2.69000000000000;2.80000000000000;2.89000000000
000;2.95000000000000;3.02000000000000;3.07000000000000;3.10000000000000;3.12000000000000;3.1500
0000000000;3.17000000000000;3.19000000000000;3.19000000000000;3.14000000000000;3.1500000000000
0;3.11000000000000;3.51000000000000;3.20000000000000;3.20000000000000;3.13000000000000;3.050000
00000000;3.16000000000000;3.10000000000000;3.16000000000000;3.15000000000000;3.15000000000000;2
.98000000000000;3.13000000000000;3.08000000000000;3.11000000000000;3.09000000000000;3.130000000
00000]; 
C55_data=[3.82000000000000;3.61000000000000;3.40000000000000;3.05000000000000;3.15000000000000;
2.90000000000000;2.85000000000000;2.69000000000000;2.56000000000000;2.40000000000000;2.29000000
000000;2.15000000000000;2.01000000000000;1.88000000000000;1.78000000000000;1.71000000000000;1.5
8000000000000;1.47000000000000;1.36000000000000;1.29000000000000;1.20000000000000;1.1100000000
0000;1.03000000000000;0.970000000000000;0.910000000000000;0.830000000000000;0.710000000000000;0
.590000000000000;0.470000000000000;0.410000000000000;0.340000000000000;0.290000000000000;0.2400
00000000000;0.210000000000000;0.180000000000000;0.150000000000000;0.140000000000000;0.14000000
0000000;0.100000000000000;0.130000000000000;0;0.0800000000000000;0.0800000000000000;0.110000000
000000;0.0700000000000000;0.0600000000000000;0.0800000000000000;0.0500000000000000;0.060000000
0000000;0.0500000000000000;0.140000000000000;0.0400000000000000;0.0600000000000000;0.090000000
0000000;0.0800000000000000;0.0700000000000000]; 
C5_data=[C51_data, C52_data, C53_data, C54_data, C55_data]; 
 
% Initial values for C1...Cn, EhC1...EhCn, EtC1....EtCn-1, E 
 
c50=[0.0; 0.0; 0.0; 0.0; 3.861; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.00212]; % 
Modify c0 as needed 
 
% Use ODE solver to solve reaction model  
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options=odeset('RelTol',1.0e-6, 'AbsTol', 1.0e-6); 
[x,C5]=ode15s(@ode_c9,tspan,c50,options,k) ; 
 
C51=C5(:,1); 
C52=C5(:,2); 
C53=C5(:,3); 
C54=C5(:,4); 
C55=C5(:,5); 
C5s=[C51,C52,C53,C54,C55]; 
 
%%%%%%%%%%%%%%%%%%%%%%%Cellotetraose Info%%%%%%%%%%%%%%%%%%%%%% 
% Input data 
% tspan: time 
tspan=[;0.0;0.5;4.5;8.5;12.5;16.5;20.5;24.5;28.5;32.5;36.5;44.5;52.5;60.5;68.5;76.5;84.5;92.5;106.5;126.5;146.
5;166.5;186.5;206.5;226.5;286.5;326.5;346.5;406.5;486.5;526.5;566.5;686.5;726.5;786.5;866.5;1500.0]; 
C41_data=[0.030000000000000;0.030000000000000;0.020000000000000;0.080000000000000;0.0100000000
00000;0;0.070000000000000;0.010000000000000;0.060000000000000;0.080000000000000;0.0400000000000
00;0.040000000000000;0.100000000000000;0.040000000000000;0.070000000000000;0.030000000000000;0.
040000000000000;0.140000000000000;0.060000000000000;0.030000000000000;0.030000000000000;0.1100
00000000000;0.050000000000000;0.050000000000000;0.050000000000000;0.060000000000000;0.05000000
0000000;0.040000000000000;0.060000000000000;0.050000000000000;0.040000000000000;0.080000000000
000;0.07000000000000;0.070000000000000;0.060000000000000;0.090000000000000;0.090000000000000]; 
C42_data=[0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0;0]; 
C43_data=[0;0;0;0;0;0.0300;0;0.03000;0.08000;0.0500;0.04000;0.0400;0.0400;0.04000;0.040;0.04000;0.05000
;0.06000;0.05000;0.06000;0.01000;0.07000;0.08000;0.080000;0.090000;0.100000;0.110000;0.110000;0.14000
00;0.130000;0.1400000;0.17000;0.1900;0.180000;0.21000;0.23000;0.24000]; 
C44_data=[4.790000000000000;4.790000000000000;4.800000000000000;4.780000000000000;4.8000000000
00000;4.780000000000000;4.780000000000000;4.77000000000000;4.730000000000000;4.740000000000000;
4.760000000000;4.7600000000;4.75000000000;4.7600000000;4.750000000000;4.760000000000;4.750000000
0000;4.7200000000000;4.740000000000;4.740000000000000;4.790000000000000;4.720000000000000;4.730
000000000000;4.730000000000000;4.720000000000000;4.710000000000000;4.700000000000000;4.7000000
0000000;4.680000000000000;4.690000000000;4.680000000000000;4.66000000000000;4.64000000000000;4.
6400000000000;4.630000000000000;4.610000000000000;4.600000000000000]; 
C4_data=[C41_data, C42_data, C43_data, C44_data]; 
 
% Initial values for C1...Cn, EhC1...EhCn, EtC1....EtCn-1, E 
 
c40=[0.0; 0.0; 0.0; 4.8; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.0; 0.00212]; % Modify 
c0 as needed 
 
% Use ODE solver to solve reaction model  
 
options=odeset('RelTol',1.0e-6, 'AbsTol', 1.0e-6); 
%[x,C]=ode15s(@ode_c4,tspan,c0,options,k)  
[x,C4]=ode15s(@ode_c9,tspan,c40,options,k); 
 
C41=C4(:,1); 
C42=C4(:,2); 
C43=C4(:,3); 
C44=C4(:,4); 
C4s=[C41,C42,C43,C44]; 
 
%%%%%%%%%%%%%%%%%%%Compute Sum of Squares%%%%%%%%%%%%%%%%%%%%%% 
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% Return the reaction rates calculate from reaction model 
k; 
 
% Sum of Squares for cellohexaose 
C6_diff=C6_data-C6s; 
C6_diffsquare=C6_diff.*C6_diff; 
B6=sum(C6_diffsquare); 
D6=sum(B6); 
 
% Sum of Squares for cellopentaose 
C5_diff=C5_data-C5s; 
C5_diffsquare=C5_diff.*C5_diff; 
B5=sum(C5_diffsquare); 
D5=sum(B5); 
 
% Sum of Squares for cellotetraose 
C4_diff=C4_data-C4s; 
C4_diffsquare=C4_diff.*C4_diff; 
B4=sum(C4_diffsquare); 
D4=sum(B4); 
 
% Total Sum of Squares for Cellohexaose, Cellopentaose and Cellotetraose 
D=D6+D5+D4; 
 
J=[D]; 
ode_c9.m  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% Subroutine dCdx=ode_c(t, y, ke, Tem)                  % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
function dCdx=ode_c9(t,C,k) 
% Assign the rate constants 
k4H=k(1); 
ki4H=k(2); 
k5H=k(3); 
ki5H=k(4); 
k6H=k(5); 
ki6H=k(6); 
k7H=k(7); 
ki7H=k(8); 
k8H=k(9); 
ki8H=k(10); 
k9H=k(11); 
ki9H=k(12); 
k431=k(13); 
k541=k(14); 
k532=k(15); 
k651=k(16); 
k642=k(17); 
k633=k(18); 
k761=k(19); 
k752=k(20); 
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k743=k(21); 
k871=k(22); 
k862=k(23); 
k853=k(24); 
k844=k(25); 
k981=k(26); 
k972=k(27); 
k963=k(28); 
k954=k(29); 
k5T=k(30); 
ki5T=k(31); 
k6T=k(32); 
ki6T=k(33); 
k7T=k(34); 
ki7T=k(35); 
k8T=k(36); 
ki8T=k(37); 
k516=k(38); 
k527=k(39); 
k538=k(40); 
k549=k(41); 
k617=k(42); 
k628=k(43); 
k639=k(44); 
k718=k(45); 
k729=k(46); 
k819=k(47); 
 
% dCi/dt Equations; Change in oligosaccharide concentration; n # of 
% equations: dCdx1 is dGlucose/dt, dCdx2 is dCellobiose/dt, dCdx3 is 
% dCellotriose/dt, etc. 
dCdx1=k981*C(15)+k871*C(14)+k761*C(13)+k651*C(12)+k541*C(11)+k431*C(10)-k516*C(1)*C(16)-
k617*C(1)*C(17)-k718*C(1)*C(18)-k819*C(1)*C(19); 
dCdx2=k972*C(15)+k862*C(14)+k752*C(13)+k642*C(12)+k532*C(11)-k527*C(2)*C(16)-k628*C(2)*C(17)-
k729*C(2)*C(18); 
dCdx3=k963*C(15)+k853*C(14)+k743*C(13)+2*k633*C(12)+k532*C(11)+k431*C(10)-k538*C(3)*C(16)-
k639*C(3)*C(17); 
dCdx4=-k4H*C(20)*C(4)+ki4H*C(10)+k954*C(15)+2*k844*C(14)+k743*C(13)+k642*C(12)+k541*C(11)-
k549*C(4)*C(16); 
dCdx5=-k5H*C(20)*C(5)+ki5H*C(11)-
k5T*C(20)*C(5)+ki5T*C(16)+k954*C(15)+k853*C(14)+k752*C(13)+k651*C(12); 
dCdx6=-k6H*C(20)*C(6)+ki6H*C(12)-
k6T*C(20)*C(6)+ki6T*C(17)+k516*C(16)*C(1)+k963*C(15)+k862*C(14)+k761*C(13); 
dCdx7=-k7H*C(20)*C(7)+ki7H*C(13)-
k7T*C(20)*C(7)+ki7T*C(18)+k617*C(17)*C(1)+k527*C(16)*C(2)+k972*C(15)+k871*C(14); 
dCdx8=-k8H*C(20)*C(8)+ki8H*C(14)-
k8T*C(20)*C(8)+ki8T*C(19)+k718*C(18)*C(1)+k628*C(17)*C(2)+k538*C(16)*C(3)+k981*C(15); 
dCdx9=-
k9H*C(20)*C(9)+ki9H*C(15)+k819*C(19)*C(1)+k729*C(18)*C(2)+k639*C(17)*C(3)+k549*C(16)*C(4); 
 
% dEhCi/dt Equations; Change in Enyzme-Substrate Complex that has binding 
% modes productive for hydrolysis; dCdx10=EhC4/dt, dCdx11=EhC5/dt, 
% dCdx12=EhC6/dt, dCdx13=EhC7/dt, dCdx14=EhC8/dt, dCdx15=EhC9/dt 
dCdx10=k4H*C(20)*C(4)-(ki4H+k431)*C(10); 
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dCdx11=k5H*C(20)*C(5)-(ki5H+k541+k532)*C(11); 
dCdx12=k6H*C(20)*C(6)-(ki6H+k651+k642+k633)*C(12); 
dCdx13=k7H*C(20)*C(7)-(ki7H+k761+k752+k743)*C(13); 
dCdx14=k8H*C(20)*C(8)-(ki8H+k871+k862+k853+k844)*C(14); 
dCdx15=k9H*C(20)*C(9)-(ki9H+k981+k972+k963+k954)*C(15); 
 
% dEhCi/dt Equations; Change in Enyzme-Substrate Complex that has binding 
% modes productive for transglycosylation; dCdx16=EtC5/dt, dCdx17=EtC6/dt, 
% dCdx18=EtC7/dt, dCdx19=EtC8/dt 
dCdx16=k5T*C(20)*C(5)+(-ki5T-k516*C(1)-k527*C(2)-k538*C(3)-k549*C(4))*C(16); 
dCdx17=k6T*C(20)*C(6)+(-ki6T-k617*C(1)-k628*C(2)-k639*C(3))*C(17); 
dCdx18=k7T*C(20)*C(7)+(-ki7T-k718*C(1)-k729*C(2))*C(18); 
dCdx19=k8T*C(20)*C(8)+(-ki8T-k819*C(1))*C(19); 
 
% dEdt Equation; Change in free Enzyme concentration; 1 equation 
dCdx20=-(k9H*C(20)*C(9)-(ki9H+k981+k972+k963+k954)*C(15)+k8H*C(20)*C(8)-
(ki8H+k871+k862+k853+k844)*C(14)+k7H*C(20)*C(7)-(ki7H+k761+k752+k743)*C(13)+k6H*C(20)*C(6)-
(ki6H+k651+k642+k633)*C(12)+k5H*C(20)*C(5)-(ki5H+k541+k532)*C(11)+k4H*C(20)*C(4)-
(ki4H+k431)*C(10)+k8T*C(20)*C(8)+(-ki8T-k819*C(1))*C(19)+k7T*C(20)*C(7)+(-ki7T-k718*C(1)-
k729*C(2))*C(18)+k6T*C(20)*C(6)+(-ki6T-k617*C(1)-k628*C(2)-k639*C(3))*C(17)+k5T*C(20)*C(5)+(-
ki5T-k516*C(1)-k527*C(2)-k538*C(3)-k549*C(4))*C(16)); 
 
dCdx=[dCdx1;dCdx2;dCdx3;dCdx4;dCdx5;dCdx6;dCdx7;dCdx8;dCdx9;dCdx10;dCdx11;dCdx12;dCdx13;dC
dx14;dCdx15;dCdx16;dCdx17;dCdx18;dCdx19;dCdx20]; 
 129 
References 
Energy Policy Act of 2005. H.R.6. United States House of Representatives. First Session. 
2005 
 
Energy Independence and Security Act of 2007. H.R. 6. 110th United States Congress. 1st 
Session. 2007. 
 
Renewable Fuels Reinvestment Act. H.R.4940. United States Congress. 2nd Session. 2010. 
 
Ahsan MM, Kimura T, Karita S, Sakka K, Ohmiya K. Cloning, DNA sequencing, and 
expression of the gene encoding Clostridium thermocellum cellulase CelJ, the largest 
catalytic component of the cellulosome. J Bacteriol. 1996;178:5732–5740. 
 
Ahsan M, Matsumoto M, Karita S, Kimura T, Sakka K, Ohmiya K. Purification and 
characterization of the family J catalytic domain derived from the Clostridium 
thermocellum endoglucanase CelJ. Biosci Biotech Bioch. 1997a;61:427–431. 
 
Ahsan MM, Matsumoto M, Karita S, Kimura T, Sakka K, Ohmiya K. Purification and 
characterization of the family J catalytic domain derived from the Clostridium 
thermocellum endoglucanase CelJ. Biosci Biotech Bioch. 1997b;61:427–431. 
 
Alvira P, Tomas-Pejo E, Ballesteros M, Negro MJ. Pretreatment technologies for an efficient 
bioethanol production process based on enzymatic hydrolysis: A review. Bioresour 
Technol. 2010;101:4851–4861. 
 
Antonopoulos DA, Nelson KE, Morrison M, White BA. Strain-specific genomic regions of 
Ruminococcus flavefaciens FD-1 as revealed by combinatorial random-phase genome 
sequencing and suppressive subtractive hybridization. Appl Environ Microb. 
2004;6:335–346. 
 
Arai T, Araki R, Tanaka A, Karita S, Kimura T, Sakka K, Ohmiya K. Characterization of a 
cellulase containing a family 30 carbohydrate-binding module (CBM) derived from 
Clostridium thermocellum CelJ: importance of the CBM to cellulose hydrolysis. J 
Bacteriol. 2003;185:504–512. 
 
Bax A, Clore GM, Gronenborn AM. 1H---1H correlation via isotropic mixing of 13C 
magnetization, a new three-dimensional approach for assigning 1H and 13C spectra of 
13C-enriched proteins. J Magn Reson. 1990;88:425–431. 
 
Bax A, Ikura M. An efficient 3D NMR technique for correlating the proton and 15N 
backbone amide resonances with the α-carbon of the preceding residue in uniformly 
15N/13C enriched proteins. J Biomol NMR. 1991;1:99–104. 
 
 130 
Bayer EA, Setter E, Lamed R. Organization and distribution of the cellulosome in 
Clostridium thermocellum. J Bacteriol. 1985;163:552–559. 
 
Bayer EA, Belaich JP, Shoham Y, Lamed R. The cellulosomes: Multienzyme machines for 
degradation of plant cell wall polysaccharides. Annu Rev Microbiol. 2004;58:521–
554. 
 
Bayer EA, Lamed R, White BA, Flint HJ. From cellulosomes to cellulosomics. Chem Rec. 
2008;8:364–377. 
 
Berg Miller ME, Antonopoulos DA, Rincon MT, Band M, Bari A, Akraiko T, Hernandez A, 
Thimmapuram J, Henrissat B, Coutinho PM, Borovok I, Jindou S, Lamed R, Flint HJ, 
Bayer EA, White BA. Diversity and strain specificity of plant cell wall degrading 
enzymes revealed by the draft genome of Ruminococcus flavefaciens FD–1. PLoS 
One. 2009;4:e6650. 
 
Bertani G. Studies on lysogenesis. I. The mode of phage liberation by lysogenic Escherichia 
coli. J Bacteriol. 1951;62:293–300. 
 
Bhat S, Goodenough PW, Owen E, Bhat MK. Cellobiose - A true inducer of cellulosome in 
different strains of Clostridium thermocellum. FEMS Microbiol Let. 1993;111:73–78. 
 
Biely P, Vrsanska M, Claeyssens M. The endo-1,4-β-glucanase I from Trichoderma reesei. 
Action on β-1,4-oligomers and polymers derived from D-glucose and D-xylose. Eur J 
Biochem. 1991;200:157–163. 
 
Bolam DN, Xie H, White P, Simpson PJ, Hancock SM, Williamson MP, Gilbert HJ. 
Evidence for synergy between family 2b carbohydrate binding modules in 
Cellulomonas fimi xylanase 11A. Biochemistry. 2001;40:2468–2477. 
 
Boraston AB, McLean BW, Chen G, Li A, Warren RA, Kilburn DG. Co-operative binding of 
triplicate carbohydrate-binding modules from a thermophilic xylanase. Mol 
Microbiol. 2002;43:187–194. 
 
Boraston AB, Bolam DN, Gilbert HJ, Davies GJ. Carbohydrate-binding modules: fine-tuning 
polysaccharide recognition. Biochem J. 2004;382:769–781. 
 
Bryant MP, Burkey LA. Numbers and some predominant groups of bacteria in the rumen of 
cows fed different rations. J Dairy Sci. 1953;36:218–224. 
 
Bylina E. US Patent 6,368,844. 2002. 
 
Cantarel BL, Coutinho PM, Rancurel C, Bernard T, Lombard V, Henrissat B. The 
Carbohydrate-Active EnZymes database (CAZy): an expert resource for 
Glycogenomics. Nucleic Acids Res. 2009a;37:D233–238. 
 131 
 
Cantarel BL, Coutinho PM, Rancurel C, Bernard T, Lombard V, Henrissat B. The 
Carbohydrate-Active EnZymes database (CAZy): an expert resource for 
glycogenomics. Nucleic Acids Res. 2009b;37:D233–D238. 
 
Chelius MK, Triplett EW. Dyadobacter fermentans gen. nov., sp nov., a novel gram-negative 
bacterium isolated from surface–sterilized Zea mays stems. Int J Syst Evol Microbiol. 
2000;50:751–758. 
 
Chin KJ, Liesack W, Janssen PH. Opitutus terrae gen nov, sp nov, to accommodate novel 
strains of the division 'Verrucomicrobia' isolated from rice paddy soil. Int J Syst Evol 
Microbiol. 2001;51:1965–1968. 
 
Cho KM, Hong SY, Lee SM, Kim YH, Kahng GG, Kim H, Yun HD. A cel44C-man26A 
gene of endophytic Paenibacillus polymyxa GS01 has multi-glycosyl hydrolases in 
two catalytic domains. Appl Microbiol Biotechnol. 2006;73:618–630. 
 
Cho KM, Math RK, Hong SY, Islam SMA, Kim JO, Hong SJ, Kim H, Yun HD. Changes in 
the activity of the multifunctional β-glycosyl hydrolase (Cel44C-Man26A) from 
Paenibacillus polymyxa by removal of the C-terminal region to minimum size. 
Biotechnol Lett. 2008;30:1061–1068. 
 
Claeyssens M, van Tilbeurgh H, Kamerling JP, Berg J, Vrsanska M, Biely P. Studies of the 
cellulolytic system of the filamentous fungus Trichoderma reesei QM 9414. Substrate 
specificity and transfer activity of endoglucanase I. Biochem J. 1990;270:251–256. 
 
Clore GM, Gronenborn AM. Determination of three-dimensional structures of proteins and 
nucleic acids in solution by nuclear magnetic resonance spectroscopy. Crit Rev 
Biochem Mol Biol. 1989;24:479–564. 
 
Clubb RT, Thanabal V, Wagner G. A constant-time three-dimensional triple-resonance pulse 
scheme to correlate intraresidue 1HN, 15N, and 13C' chemical shifts in 15N—13C-
labelled proteins. J Magn Reson. 1992;97:213–217. 
 
Collaborative Computational Project N. The CCP4 suite: programs for protein crystallog-
raphy. Acta Crystallogr D Biol Crystallogr. 1994;50:760–763. 
 
Copeland A, Lucas S, Lapidus A, Glavina del Rio T, Pitluck S, Goltsman E, Clum A, Sun H, 
Schmutz J, Larimer F, Land M, Hauser L, Kyrpides N, Mikhailova N, Smidt H, 
Richardson P. Complete sequence of Opitutus terrae PB90-1. GenBank database, US 
DOE Joint Genome Institute. 2008. 
 
Cornilescu G, Delaglio F, Bax A. Protein backbone angle restraints from searching a data-
base for chemical shift and sequence homology. J Biomol NMR. 1999;13:289–302. 
 
 132 
Coutinho PM, Henrissat B. Carbohydrate-active enzymes: an integrated database approach. 
In "Recent Advances in Carbohydrate Bioengineering", Gilbert HJ, Davies G, Henris-
sat B, Svensson B, eds., Royal Society of Chemistry, Cambridge, pp. 3–12. 1999. 
 
Daane LL, Harjono I, Barns SM, Launen LA, Palleron NJ, Haggblom MM. PAH-degradation 
by Paenibacillus spp. and description of Paenibacillus naphthalenovorans sp. nov., a 
naphthalene-degrading bacterium from the rhizosphere of salt marsh plants. Int J Syst 
Evol Microbiol. 2002;52:131–139. 
 
Davis AL, Keeler J, Laue ED, Moskau D. Experiments for recording pure absorption hetero-
nuclear correlation spectra using pulsed field gradients. J Magn Reson. 1992;98:207–
216. 
 
Dean RC. Mechanisms of wood digestion in shipworm Bankia gouldi Bartsch – enzyme 
degradation of celluloses, hemicelluloses, and wood cell walls. Biol Bull. 
1978;155:297–316. 
 
Dellwo MJ, Schneider DM, Wand AJ. Modifications of the rate matrix required for the 
quantitative analysis of NOESY spectra of proteins. J Magn Reson Ser B. 
1994;103:1–9. 
 
Din N, Damude HG, Gilkes NR, Miller RC, Warren RAJ, Kilburn DG. C-1-C-X revisited - 
intramoleculare synergism in a cellulase. Proc Natl Acad Sci USA. 1994;91:11383–
11387. 
 
Ding SY, Rincon MT, Lamed R, Martin JC, McCrae SI, Aurilia V, Shoham Y, Bayer EA, 
Flint HJ. Cellulosomal scaffoldin-like proteins from Ruminococcus flavefaciens. J 
Bacteriol. 2001;183:1945–1953. 
 
Dinges JR, Colleoni C, James MG, Myers AM. Mutational analysis of the pullulanase-type 
debranching enzyme of maize indicates multiple functions in starch metabolism. 
Plant Cell. 2003;15:666–680. 
 
Dodson RJ, Durkin AS, Wu M, Eisen J, Sutton G. The complete genome sequence of 
Dictyoglomus thermophilum strain ATCC 35947/DSM 3960/H-6-12.  GenBank 
database, US DOE Joint Genome Institute 2008. 
 
Doerner KC, White BA. Assessment of the endo-1,4-β-glucanase components of 
Ruminococcus flavefaciens FD-1. Appl Environ Microbiol. 1990;56:1844–1850. 
 
Doerner KC, Howard GT, Mackie RI, White BA. β-Glucanase expression by Ruminococcus 
flavefaciens FD-1. FEMS Microbiol Lett. 1992;93:147–153. 
 
Doi RH, Kosugi A, Murashima K, Tamaru Y, Han SO. Cellulosomes from mesophilic 
bacteria. J Bacteriol. 2003;185:5907–5914. 
 133 
 
Eggeman T, Elander RT. Process and economic analysis of pretreatment technologies. Biores 
Technol. 2005;96:2019–2025. 
 
Ek M, Gellerstedt G, Henrikson G. Wood Chemistry and Wood Biotechnology. 1st ed. 
Berlin: de Gruyter; 2009. 
 
Ettwig KF, Butler MK, Le Paslier D, Pelletier E, Mangenot S, Kuypers MMM, Schreiber F, 
Dutilh BE, Zedelius J, de Beer D, Gloerich J, Wessels H, van Alen T, Luesken F, Wu 
ML, van de Pas-Schoonen KT, den Camp H, Janssen-Megens EM, Francoijs KJ, 
Stunnenberg H, Weissenbach J, Jetten MSM, Strous M. Nitrite-driven anaerobic 
methane oxidation by oxygenic bacteria. Nature. 2010;464:543–U594. 
 
Fernandes AC, Fontes C, Gilbert HJ, Hazlewood GP, Fernandes TH, Ferreira LMA. 
Homologous xylanases from Clostridium thermocellum: evidence for bi-functional 
activity, synergism between xylanase catalytic modules and the presence of xylan-
binding domains in enzyme complexes. Biochem J. 1999;342:105–110. 
 
Flint HJ, Martin J, McPherson CA, Daniel AS, Zhang JX. A bifunctional enzyme, with 
separate xylanase and β(1,3-1,4)-glucanase domains, encoded by the xynD gene of 
Ruminococcus flavefaciens. J Bacteriol. 1993;175:2943–2951. 
 
Frangos T, Bullen D, Bergquist P, Daniel R. Hemicellulolytic and cellulolytic functions of 
the domains of a β-mannanase cloned from Caldicellosiruptor saccharolyticus. Int J 
Biochem Cell B. 1999;31:853–859. 
 
Galperin MY. Sampling of microbial diversity by complete genomes. Environ Microbiol. 
2006;8:1313–1317. 
 
Gao PJ, Chen GJ, Wang TH, Zhang YS, Liu J. Non-hydrolytic disruption of crystalline 
structure of cellulose by cellulose binding domain and linker sequence of 
cellobiohydrolase I from Penicillium janthinellum. Acta Bioch Bioph Sin. 
2001;33:13–18. 
 
Gasteiger E, Gattiker A, Hoogland C, Ivanyi I, Appel RD, Bairoch A. ExPASy: The 
proteomics server for in-depth protein knowledge and analysis. Nucleic Acids Res. 
2003;31:3784–3788. 
 
Gehring K, Ekiel I. H(C)CH-COSY and (H)CCH-COSY experiments for13C-labeled proteins 
in H2O solution. J Magn Reson. 1998;135:185–193. 
 
Gibbs MD, Saul DJ, Luthi E, Bergquist PL. The β-mannanase from "Caldocellum saccharo-
lyticum" is part of a multidomain enzyme. Appl Environ Microbiol. 1992;58:3864–
3867. 
 
 134 
Gibbs MD, Reeves RA, Farrington GK, Anderson P, Williams DP, Bergquist PL. 
Multidomain and multifunctional glycosyl hydrolases from the extreme thermophile 
Caldicellulosiruptor isolate Tok7B.1. Curr Microbiol. 2000;40:333–340. 
 
Goldman BS, Hinkle G, Slater SC, Wiegand R. US Patent 6,833,447. 2004. 
 
Goldman BS, Nierman WC, Kaiser D, Slater SC, Durkin AS, Eisen JA, Ronning CM, 
Barbazuk WB, Blanchard M, Field C, Halling C, Hinkle G, Iartchuk O, Kim HS, 
Mackenzie C, Madupu R, Miller N, Shvartsbeyn A, Sullivan SA, Vaudin M, Wiegand 
R, Kaplan HB. Evolution of sensory complexity recorded in a myxobacterial genome. 
Proc Natl Acad Sci USA. 2006;103:15200–15205. 
 
Gonnet GH, Cohen MA, Benner SA. Exhaustive matching of the entire protein sequence 
database. Science. 1992;256:1443–1445. 
 
Grzesiek S, Bax A. Improved 3D triple-resonance NMR techniques applied to a 31 kDa 
protein. J Magn Reson. 1992a;96:432–440. 
 
Grzesiek S, Bax A. Correlating backbone amide and side-chain resonances in larger proteins 
by multiple relayed triple resonance NMR. J Am Chem Soc. 1992b;114:6291–6293. 
 
Grzesiek S, Bax A. An efficient experiment for sequential backbone assignment of medium-
sized isotopically enriched proteins. J Magn Reson. 1992c;99:201–207. 
 
Grzesiek S, Anglister J, Bax A. Correlation of backbone amide and aliphatic side-chain 
resonances in 13C/15N-enriched proteins by isotropic mixing of 13C magnetization. J 
Magn Reson Ser B. 1993;101:114–119. 
 
Guex N, Peitsch MC. SWISS-MODEL and the Swiss-PdbViewer: an environment for 
comparative protein modeling. Electrophoresis. 1997;18:2714–2723. 
 
Gustafsson C, Govindarajan S, Minshull J. Codon bias and heterologous protein expression. 
Trends Biotechnol. 2004;22:346–353. 
 
Han NS, Robyt JF. Separation and detection of sugars and alditols on thin layer chromato-
grams. Carbohydr Res. 1998;313:135–137. 
 
Haney PJ, Badger JH, Buldak GL, Reich CI, Woese CR, Olsen GJ. Thermal adaptation 
analyzed by comparison of protein sequences from mesophilic and extremely 
thermophilic Methanococcus species. Proc Natl Acad Sci USA. 1999;96:3578–3583. 
 
Hansen CK, Diderichsen B, Jorgensen PL. CelA from Bacillus lautus PL236 encodes a novel 
cellulose-binding endo-β-1,4-glucanase. J Bacteriol. 1992;174:3522–3531. 
 
 135 
Henrissat B. A classification of glycosyl hydrolases based on amino acid sequence 
similarities. Biochem J. 1991;280 (Pt 2):309–316. 
 
Henrissat B, Bairoch A. New families in the classification of glycosyl hydrolases based on 
amino acid sequence similarities. Biochem J. 1993;293 (Pt 3):781–788. 
 
Henrissat B, Bairoch A. Updating the sequence-based classification of glycosyl hydrolases. 
Biochem J. 1996;316 (Pt 2):695–696. 
 
Jindou S, Borovok I, Rincon MT, Flint HJ, Antonopoulos DA, Berg ME, White BA, Bayer 
EA, Lamed R. Conservation and divergence in cellulosome architecture between two 
strains of Ruminococcus flavefaciens. J Bacteriol. 2006;188:7971–7976. 
 
Jones TA, Zou JY, Cowan SW, Kjeldgaard M. Improved methods for building protein 
models in electron density maps and the location of errors in these models. Acta 
Crystallogr A. 1991;47:110–119. 
 
Jue CK, Lipke PN. Determination of reducing sugars in the nanomole range with tetrazolium 
blue. J Biochem Bioph Meth. 1985;11:109–115. 
 
Julien B, Fehd R. Development of a mariner-based transposon for use in Sorangium 
cellulosum. Appl Environ Microb. 2003;69:6299–6301. 
 
Kabsch W, Sander C. Dictionary of protein secondary structure–pattern search recognition of 
hydrogen bonded and geometrical features. Biopolymers. 1983;22:2577–2637. 
 
Kall L, Krogh A, Sonnhammer EL. A combined transmembrane topology and signal peptide 
prediction method. J Mol Biol. 2004;338:1027–1036. 
 
Kantardjieff KA, Rupp B. Matthews coefficient probabilities: Improved estimates for unit 
cell contents of proteins, DNA, and protein-nucleic acid complex crystals. Protein 
Sci. 2003;12:1865–1871. 
 
Kataeva IA, Yang SJ, Dam P, Poole FL, 2nd, Yin Y, Zhou F, Chou WC, Xu Y, Goodwin L, 
Sims DR, Detter JC, Hauser LJ, Westpheling J, Adams MW. Genome sequence of the 
anaerobic, thermophilic, and cellulolytic bacterium "Anaerocellum thermophilum" 
DSM 6725. J Bacteriol. 2009;191:3760–3761. 
 
Keller R. The Computer Aided Resonance Assignment Tutorial. First edition 2004 ed: 
CANTINA Verlag; 2004. 
 
Kim SJ, Lee CM, Han BR, Kim MY, Yeo YS, Yoon SH, Koo BS, Jun HK. Characterization 
of a gene encoding cellulase from uncultured soil bacteria. FEMS Microbiol Lett. 
2008;282:44-51. 
 
 136 
Kitago Y, Karita S, Watanabe N, Kamiya M, Aizawa T, Sakka K, Tanaka I. Crystal structure 
of Cel44A, a glycoside hydrolase family 44 endoglucanase from Clostridium 
thermocellum. J Biol Chem. 2007;282:35703–35711. 
 
Koshland DE. Stereochemistry and the mechanism of enzymatic reactions. Biol Rev. 
1953;28:416–436. 
 
Kwon I, Ekino K, Goto M, Furukawa K. Heterologous expression and characterization of 
endoglucanase I (EGI) from Trichoderma viride HK-75. Biosci Biotechnol Biochem. 
1999;63:1714–1720. 
 
Kwon I, Ekino K, Oka T, Goto M, Furukawa K. Effects of amino acid alterations on the 
transglycosylation reaction of endoglucanase I from Trichoderma viride HK-75. 
Biosci Biotechnol Biochem. 2002;66:110–116. 
 
Kyte J, Doolittle RF. A simple method for displaying the hydropathic character of a protein. J 
Mol Biol. 1982;157:105–132. 
 
Lamed R, Kenig R, Setter E, Bayer EA. Major characteristics of the cellulolytic system of 
Clostridium thermocellum coincide with those of the purified cellulosome. Enzyme 
Microb Technol. 1985;7:37–41. 
 
Lee SF, Forsberg CW, Gibbins LN. Cellulolytic activity of Clostridium acetobutylicum. Appl 
Environ Microb. 1985;50:220–228. 
 
Linder M, Salovuori I, Ruohonen L, Teeri TT. Characterization of a double cellulose-binding 
domain–Synergistic high affinity binding to crystalline cellulose. J Biol Chem. 
1996;271:21268–21272. 
 
Lopez-Contreras AM, Martens AA, Szijarto N, Mooibroek H, Claassen PAM, van der Oost 
J, de Vos WM. Production by Clostridium acetobutylicum ATCC 824 of CelG, a 
cellulosomal glycoside hydrolase belonging to family 9. Appl Environ Microb. 
2003;69:869–877. 
 
Lucas S, Copeland A, Lapidus A, Glavina del Rio T, Tice H, Bruce D, Goodwin L, Pitluck S, 
Sims D, Brettin T, Detter JC, Han C, Larimer F, Land M, Hauser L, Kyrpides N, 
Mikhailova N, Mead D. Complete sequence of Dictyoglomus turgidum DSM 6724. 
GenBank database, US DOE Joint Genome Institute. 2008. 
 
Lucas S, Copeland A, Lapidus A, Glavina del Rio T, Dalin E, Tice H, Bruce D, Goodwin L, 
Pitluck S, Chertkov O, Saunders E, Brettin T, Detter JC, Han C, Larimer F, Land M, 
Hauser L, Kyrpides N, Ivanova N, Zhou J, Richardson P. Complete sequence of 
Clostridium cellulolyticum H10. GenBank database, US DOE Joint Genome Institute. 
2009a. 
 
 137 
Lucas S, Copeland A, Lapidus A, Glavina del Rio T, Dalin E, Tice H, Bruce D, Goodwin L, 
Pitluck S, Kyrpides N, Mavromatis K, Mikhailova N, Ovchinnikova G, Saunders E, 
Brettin T, Detter JC, Han C, Larimer F, Land M, Hauser L, Markowitz V, Cheng J-F, 
Hugenholtz P, Woyke T, Wu D, Tindal B, Schutze A, Schneider S, Goker M, Klenk 
H-P, Eisen JA. The complete chromosome of Spirosoma linguale DSM 74. GenBank 
database, US DOE Joint Genome Institute. 2009b. 
 
Lucas S, Copeland A, Lapidus A, Glavina del Rio T, Dalin E, Tice H, Bruce D, Goodwin L, 
Pitluck S, Kyrpides N, Mavromatis K, Ovchinnikova G, Chertkov O, Brettin T, 
Detter JC, Han C, Larimer F, Land M, Hauser L, Markowitz V, Cheng J-F, 
Hugenholtz P, Woyke T, Wu D, Lang E, Klenk H-P, Eisen JA. The complete genome 
of Dyadobacter fermentans DSM 18053. GenBank database, US DOE Joint Genome 
Institute. 2009c. 
 
Lucas S, Copeland A, Lapidus A, Glavina del Rio T, Tice H, Bruce D, Goodwin L, Pitluck S, 
Chertkov O, Detter JC, Han C, Tapia R, Larimer F, Land M, Hauser L, Kyrpides N, 
Mikhailova N, Weimer PJ, Stevenson DM, Boyum J, Brumm PI, Mead D. Complete 
sequence of Fibrobacter succinogenes subsp. succinogenes S85. GenBank database, 
US DOE Joint Genome Institute. 2009d. 
 
Lucas S, Copeland A, Lapidus A, Glavina del Rio T, Dalin E, Tice H, Bruce D, Goodwin L, 
Pitluck S, Kyrpides N, Mavromatis K, Ivanova N, Mikhailova N, Chertkov O, Brettin 
T, Detter JC, Han C, Larimer F, Land M, Hauser L, Markowitz V, Cheng J-F, 
Hugenholtz P, Woyke T, Wu D, Pukall R, Steenblock K, Schneider S, Klenk H-P, 
Eisen JA. The complete genome of Conexibacter woesei DSM 14684. GenBank 
database, US DOE Joint Genome Institute. 2010. 
 
Makoff AJ, Oxer MD, Romanos MA, Fairweather NF, Ballantine S. Expression of tetanus 
toxin fragment C in E. coli: high level expression by removing rare codons. Nucleic 
Acids Res. 1989;17:10191–10202. 
 
Matthews BW. Solvent content of protein crystals. J Mol Biol. 1968;33:491–497. 
 
McGuffin LJ, Bryson K, Jones DT. The PSIPRED protein structure prediction server. 
Bioinformatics. 2000;16:404–405. 
 
Monciardini P, Cavaletti L, Schumann P, Rohde M, Donadio S. Conexibacter woesei gen. 
nov., sp nov., a novel representative of a deep evolutionary line of descent within the 
class Actinobacteria. Int J Syst Evol Microbiol. 2003;53:569–576. 
 
Mori S, Abeygunawardana C, Johnson MO, Vanzijl PCM. Improved sensitivity of HSQC 
spectra of exchanging protons at short interscan delays using a new fast HSQC 
(FHSQC) detection scheme that avoids water saturation. J Magn Reson Ser B. 
1995;108:94–98. 
 
 138 
Murshudov GN, Vagin AA, Dodson EJ. Refinement of macromolecular structures by the 
maximum-likelihood method. Acta Crystallogr Sect D-Biol Crystallogr. 
1997;53:240–255. 
 
Naik SN, Goud VV, Rout PK, Dalai AK. Production of first and second generation biofuels: 
A comprehensive review. Renew Sust Energy Rev. 2010;14:578–597. 
 
Najmudin S, Guerreiro C, Carvalho AL, Prates JAM, Correia MAS, Alves VD, Ferreira 
LMA, Romao MJ, Gilbert HJ, Bolam DN, Fontes C. Xyloglucan is recognized by 
carbohydrate–binding modules that interact with β–glucan chains. J Biol Chem. 
2006;281:8815–8828. 
 
Nam KH, Kim SJ, Hwang KY. Crystal structure of CelM2, a bifunctional glucanase–
xylanase protein from a metagenome library. Biochem Biophys Res Commun. 
2009;383:183–186. 
 
Navaza J. AMORE - An automated package for molecular replacement. Acta Crystallogr A. 
1994;50:157–163. 
 
Nilges M, Clore GM, Gronenborn AM. Determination of three-dimensional structures of 
proteins from interproton distance data by dynamical simulated annealing from a 
random array of atoms. Circumventing problems associated with folding. FEBS Lett. 
1988a;239:129–136. 
 
Nilges M, Clore GM, Gronenborn AM. Determination of three-dimensional structures of 
proteins from interproton distance data by hybrid distance geometry-dynamical 
simulated annealing calculations. FEBS Lett. 1988b;229:317–324. 
 
Nilges M, Gronenborn AM, Brunger AT, Clore GM. Determination of three-dimensional 
structures of proteins by simulated annealing with interproton distance restraints. 
Application to crambin, potato carboxypeptidase inhibitor and barley serine 
proteinase inhibitor 2. Protein Eng. 1988c;2:27–38. 
 
Nolling J, Breton G, Omelchenko MV, Makarova KS, Zeng QD, Gibson R, Lee HM, Dubois 
J, Qiu DY, Hitti J, Wolf YI, Tatusov RL, Sabathe F, Doucette-Stamm L, Soucaille P, 
Daly MJ, Bennett GN, Koonin EV, Smith DR. Genome sequence and comparative 
analysis of the solvent-producing bacterium Clostridium acetobutylicum. J Bacteriol. 
2001;183:4823–4838. 
 
Oikawa T, Tsukagawa Y, Chino M, Soda K. Increased transglycosylation activity of 
Rhodotorula glutinis endo-β-glucanase in media containing organic solvent. Biosci 
Biotechnol Biochem. 2001;65:1889–1892. 
 
Pajon A, Turner K, Parkhill J, Bernalier A. The genome sequence of Ruminococcus sp. 
18P13. GenBank database, US DOE Joint Genome Institute. 2010. 
 139 
 
Palenik B, Ren Q, Dupont CL, Myers GS, Heidelberg JF, Badger JH, Madupu R, Nelson 
WC, Brinkac LM, Dodson RJ, Durkin AS, Daugherty SC, Sullivan SA, Khouri H, 
Mohamoud Y, Halpin R, Paulsen IT. Genome sequence of Synechococcus CC9311: 
Insights into adaptation to a coastal environment. Proc Natl Acad Sci USA. 
2006;103:13555–13559. 
 
Panbangred W, Shinmyo A, Kinoshita S, Okada H. Purification and properties of 
endoxylanase produced by Bacillus pumilus. Agr Biol Chem Tokyo. 1983;47:957–
963. 
 
Parsy CB, Chapman CJ, Barnes AC, Robertson JF, Murray A. Two-step method to isolate 
target recombinant protein from co-purified bacterial contaminant SlyD after 
immobilised metal affinity chromatography. J Chromatogr B. 2007;853:314–319. 
 
Patel BK, Morgan HW, Wiegel J, Daniel RM. Isolation of an extremely thermophilic 
chemoorganotrophic anaerobe similiar to Dictyoglomus thermophilum from New 
Zealand hot springs. Arch Microbiol. 1987;147:21–24. 
 
Perlin AS, Suzuki S. Structure of lichenin-selective enzymolysis studies. Can J Chem. 
1962;40:50–56. 
 
Petitdemange E, Caillet F, Giallo J, Gaudin C. Clostridium cellulolyticum sp nov, a 
cellulolytic, mesophilic species from decayed grass. Int J Syst Bacteriol. 
1984;34:155-159. 
 
Pflugrath JW. The finer things in X-ray diffraction data collection. Acta Crystallogr D Biol 
Crystallogr. 1999;55:1718–1725. 
 
Rapp P, Wagner F. Production and properties of xylan-degrading enzymes from 
Cellulomonas uda. Appl Environ Microbiol. 1986;51:746–752. 
 
Reichenbach H. The ecology of the myxobacteria. Environ Microbiol. 1999;1:15–21. 
 
Rincon MT, McCrae SI, Kirby J, Scott KP, Flint HJ. EndB, a multidomain family 44 
cellulase from Ruminococcus flavefaciens 17, binds to cellulose via a novel cellulose-
binding module and to another R. flavefaciens protein via a dockerin domain. Appl 
Environ Microb. 2001;67:4426–4431. 
 
Rincon MT, Ding SY, McCrae SI, Martin JC, Aurilia V, Lamed R, Shoham Y, Bayer EA, 
Flint HJ. Novel organization and divergent dockerin specificities in the cellulosome 
system of Ruminococcus flavefaciens. J Bacteriol. 2003;185:703–713. 
 
Rincon MT, Martin JC, Aurilia V, McCrae SI, Rucklidge GJ, Reid MD, Bayer EA, Lamed R, 
Flint HJ. ScaC, an adaptor protein carrying a novel cohesin that expands the 
 140 
dockerin-binding repertoire of the Ruminococcus flavefaciens 17 cellulosome. J 
Bacteriol. 2004;186:2576–2585. 
 
Robert C, Bernalier-Donadille A. The cellulolytic microflora of the human colon: evidence 
of microcrystalline cellulose-degrading bacteria in methane-excreting subjects. FEMS 
Microbiol Ecol. 2003;46:81–89. 
 
Robyt JF. Essentials of carbohydrate chemistry. New York: Springer; 1998. 
 
Sabathe F, Belaich A, Soucaille P. Characterization of the cellulolytic complex (cellulosome) 
of Clostridium acetobutylicum. FEMS Microbiol Lett. 2002;217:15-22. 
 
Saul DJ, Williams LC, Grayling RA, Chamley LW, Love DR, Bergquist PL. celB, a gene 
coding for a bifunctional cellulase from the extreme thermophile "Caldocellum 
saccharolyticum" Appl Environ Microbiol. 1990; 56, 3117–3124. 
 
Schagerlof H, Nilsson C, Gorton L, Tjerneld F, Stalbrand H, Cohen A. Use of O-18 water 
and ESI-MS detection in subsite characterisation and investigation of the hydrolytic 
action of an endoglucanase. Anal Bioanal Chem. 2009;394:1977–1984. 
 
Schneiker S, Perlova O, Kaiser O, Gerth K, Alici A, Altmeyer MO, Bartels D, Bekel T, 
Beyer S, Bode E, Bode HB, Bolten CJ, Choudhuri JV, Doss S, Elnakady YA, Frank 
B, Gaigalat L, Goesmann A, Groeger C, Gross F, Jelsbak L, Kalinowski J, Kegler C, 
Knauber T, Konietzny S, Kopp M, Krause L, Krug D, Linke B, Mahmud T, 
Martinez-Arias R, McHardy AC, Merai M, Meyer F, Mormann S, Munoz-Dorado J, 
Perez J, Pradella S, Rachid S, Raddatz G, Rosenau F, Rueckert C, Sasse F, Scharfe 
M, Schuster SC, Suen G, Treuner-Lange A, Velicer GJ, Vorholter FJ, Weissman KJ, 
Dwelch R, Wenzel SC, Whitworth DE, Wilhelm S, Wittmann C, Blocker H, Puhler 
A, Mueller R. Complete genome sequence of the myxobacterium Sorangium 
cellulosum. Nat Biotechnol. 2007;25:1281–1289. 
 
Schnorr K, Jorgensen PL, Schulein M. US Patent 6,815,192. 2004. 
 
Schwarz WH, Zverlov VV, Bahl H. Extracellular glycosyl hydrolases from Clostridia. Adv 
Appl Microbiol. 2004;56:215–261. 
 
Schwieters CD, Kuszewski JJ, Tjandra N, Clore GM. The Xplor-NIH NMR molecular 
structure determination package. J Magn Reson. 2003;160:65–73. 
 
Schwieters CD, Kuszewski JJ, Clore GM. Using Xplor-NIH for NMR molecular structure 
determination. Prog Nucl Magn Reson Spectrosc. 2006;48:47–62. 
 
Shoseyov O, Shani Z, Levy I. Carbohydrate binding modules: biochemical properties and 
novel applications. Microbiol Mol Biol Rev. 2006a;70:283–295. 
 
 141 
Shoseyov O, Shani Z, Levy I. Carbohydrate binding modules: Biochemical properties and 
novel applications. Microbiol Mol Biol Rev. 2006b;70:283–295. 
 
Smith PK, Krohn RI, Hermanson GT, Mallia AK, Gartner FH, Provenzano MD, Fujimoto 
EK, Goeke NM, Olson BJ, Klenk DC. Measurement of protein using bicinchoninic 
acid. Anal Biochem. 1985;150:76–85. 
 
Studier FW. Protein production by auto-induction in high density shaking cultures. Protein 
Express Purif. 2005;41:207–234. 
 
Svetlichnyi VA, Svetlichnaya TP, Chernykh NA, Zavarzin GA. Anaerocellum thermophilum 
gen nov sp nov–an extremely thermophilic cellulolytic eubacterium isolated from hot 
springs in the valley of geysers. Microbiology. 1990;59:598–604. 
 
Talluri S, Wagner G. An optimized 3D NOESY-HSQC. J Magn Reson Ser B. 1996;112:200–
205. 
 
Taylor JB. The water solubilities and heats of solution for short chain cellulosic 
oligosaccharides. Trans Faraday Soc. 1957;53:1198–1203. 
 
Thompson JD, Gibson TJ, Plewniak F, Jeanmougin F, Higgins DG. The CLUSTAL_X 
windows interface: flexible strategies for multiple sequence alignment aided by 
quality analysis tools. Nucleic Acids Res. 1997;25:4876-4882. 
 
Tusnady GE, Simon I. The HMMTOP transmembrane topology prediction server. 
Bioinformatics. 2001;17:849–850. 
 
van der Veen BA, van Alebeek G, Uitdehaag JCM, Dijkstra BW, Dijkhuizen L. The three 
transglycosylation reactions catalyzed by cyclodextrin glycosyltransferase from 
Bacillus circulans (strain 251) proceed via different kinetic mechanisms. Eur J 
Biochem. 2000;267:658–665. 
 
Velazquez E, de Miguel T, Poza M, Rivas R, Rossello-Mora R, Villa TG. Paenibacillus 
favisporus sp. nov., a xylanolytic bacterium isolated from cow faeces. Int J Syst Evol 
Microbiol. 2004;54:59–64. 
 
Vercoe PE, Finks JL, White BA. DNA sequence and transcriptional characterization of a β-
glucanase gene (celB) from Ruminococcus flavefaciens FD-1. Can J Microbiol. 
1995;41:869–876. 
 
Vuister GW, Bax A. Quantitative J correlation: a new approach for measuring homonuclear 
three-bond J(HNHα) coupling constants in 15N-enriched proteins. J Am Chem Soc. 
1993;115:7772–7777. 
 
 142 
Warner CD, Hoy JA, Shilling TC, Linnen MJ, Ginder ND, Ford CF, Honzatko RB, Reilly PJ. 
Tertiary structure and characterization of a glycoside hydrolase family 44 endoglu-
canase from Clostridium acetobutylicum. Appl Environ Microbiol. 2010a;76:338–346 
(Chapter 3). 
 
Warner CD, Go R, García-Salinas C, Ford C, Reilly PJ. Kinetic characterization of a 
glycoside hydrolase family 44 endoglucanase from Ruminococcus flavefaciens FD-1. 
Enzyme Microb Technol. 2010b: submitted for publication (Chapter 4). 
 
Warner CD, Ford C, Reilly PJ. Kinetics and modeling of disproportionation reactions 
catalyzed by glycoside hydrolase family 44 endoglucanases from Clostridium 
acetobutylicum and Ruminococcus flavefaciens. Biotechnol Bioeng. 2010c: to be 
submitted for publication (Chapter 5). 
 
Waterbury JB, Calloway CB, Turner RD. A cellulolytic nitrogen-fixing bacterium cultured 
from the gland of deshayes in shipworms (Bivalvia teredinidae). Science. 
1983;221:1401–1403. 
 
White BA, Clarke JH, Doerner KC, Gupta VK, Helaszek CT, Howard GT, Morrison M, 
Odenyo AA, Rosenweig S, Mackie RI. Microbial and plant oppurtunities to improve 
lignocellulose utilization by ruminants. Elsevier, New York. 1990:389–400. 
 
Wishart DS, Sykes BD. The C-13 Chemical Shift Index - A simple method for the 
determination of protein secondary structure using C-13 chemical shift data. J Biomol 
NMR. 1994;4:171–180. 
 
Wolfrom ML, Dacons JC. The polymer-homologous series of oligiosaccharides from 
cellulose. J Am Chem Soc. 1952;74:5331–5333.  
 
Yamazaki T, Formankay JD, Kay LE. 2-Dimensional NMR experiments for correlating 13Cβ 
and 1Hδ/ε chemical shifts of aromatic residues in 13C labeled proteins via scalar 
couplings. J Am Chem Soc. 1993;115:11054–11055. 
 
Yang JC, Madupu R, Durkin AS, Ekborg NA, Pedamallu CS, Hostetler JB, Radune D, Toms 
BS, Henrissat B, Coutinho PM, Schwarz S, Field L, Trindade-Silva AE, Soares CAG, 
Elshahawi S, Hanora A, Schmidt EW, Haygood MG, Posfai J, Benner J, Madinger C, 
Nove J, Anton B, Chaudhary K, Foster J, Holman A, Kumar S, Lessard PA, Luyten 
YA, Slatko B, Wood N, Wu B, Teplitski M, Mougous JD, Ward N, Eisen JA, Badger 
JH, Distel DL. The complete genome of Teredinibacter turnerae T7901: An 
intracellular endosymbiont of marine wood-boring bivalves (Shipworms). PLoS One. 
2009a;4:17. 
 
Yang SJ, Kataeva I, Hamilton-Brehm SD, Engle NL, Tschaplinski TJ, Doeppke C, Davis M, 
Westpheling J, Adams MW. Efficient degradation of lignocellulosic plant biomass, 
 143 
without pretreatment, by the thermophilic anaerobe "Anaerocellum thermophilum" 
DSM 6725. Appl Environ Microbiol. 2009b;75:4762–4769. 
 
Zappe H, Jones DT, Woods DR. Cloning and expression of Clostridium acetobutylicum 
endoglucanase, cellobiase and amino acid biosynthesis genes in Escherichia coli. J 
Gen Microbiol. 1986;132:1367–1372. 
 
Zhu G, Kong XM, Sze KH. Gradient and sensitivity enhancement of 2D TROSY with water 
flip-back, 3D NOESY-TROSY and TOCSY-TROSY experiments. J Biomol NMR. 
1999;13:77–81. 
 
 
 
 144 
Acknowledgments 
I would like to thank Dr. Peter J. Reilly for his guidance during my tenure in his research 
group. Dr. Reilly’s expectations for the manner in which research is conducted and his thor-
ough analysis of results have given me a high standard to maintain. I would also like to thank 
the rest of my committee members, Dr. Brent Shanks, Dr. Monica Lamm, Dr. Richard Hon-
zatko, and Dr. Clark Ford, for making time and giving input during the course of research, 
the preliminary examination, and my final defense. In particular, Dr. Ford and Dr. Honzatko 
have provided both resources and detailed advice that has been crucial to the success of my 
research projects. The Office of Biotechnology facility managers and staff have helped me 
collect data and learn about X-ray crystallography, NMR, protein techniques, DNA tech-
niques, and capillary electrophoresis. In particular, Dr. Julie Hoy and Dr. Bruce Fulton spent 
hours in helping me to run experiments and in teaching me about crystallography and NMR. 
Thanks are also extended to Dr. Gaya Amarasinghe, Dr. Andrew Severin, Dr. Raji Joseph, 
and Dr. Nathaniel Ginder for their support and advice about NMR and protein crystallog-
raphy. I thank my collaborators and undergraduate researchers, Taran Shilling, Dr. Gulden 
Camci-Unal, Dr. Mubashir Niaz, Michael Linnen, Rica Go, Carolina Garcia, Zhan Ge, 
Waddah Moghram, Jacob Epstein, Theresa Russo, Paul Low, and Christopher Setina. Lastly, 
I would like to thank the Reilly research group during my career at Iowa State, with a special 
thanks to Dr. Blake Mertz and Dr. Luis Petersen, whom I was privileged to know as good 
friends as well as researchers. 
 
